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ABSTRACT 


In this research, the design and VLSI implementation of a digitally programmable 
active analog filter, based on the Generalized Immittance Converter (GIC) circuit, are 
presented. The programmable features include the filter type (band-pass, high-pass, low- 
pass or notch), the center or cut-off frequency, and the quality factor. Switched capacitor 
networks are used to implement resistances. The design was first simulated and then 
implemented on a wire-wrap board and tested. The circuit was then modeled and re- 
simulated using the Cadence Design Tools software package. Once the modeled circuit 
passes all design rule checks the final chip design was then submitted for fabrication. This 
research project will help provide a knowledge base for using Cadence software for VLSI 
CMOS design. Once the chip has been fabricated and tested 1t will provide a base for 


further development of stray insensitive VLSI design of analog circuits. 
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I. INTRODUCTION 


A. BACKGROUND 

In the 1960’s most electrical circuits and systems were designed and implemented using 
analog devices such as communications filters. As circuit technology has progressed through 
the 70’s and 80’s, new design alternatives are available to practicing engineers. In particular, 
significant advances have been made in the development of digital components, making them 
smaller, lighter and faster than their analog counterparts. As a result of this reduction in size 
and improved speed, many applications were being converted from analog technology to 
digital. Now in the 1990’s digital circuits are capable of performing even more complex 
functions. For example, digital filters now routinely replace analog filters in a variety of circuits. 

Establishing the proper interface between very complex digital circuits and analog 
circuits is critical to developing the systems required in today’s world marketplace. In particular, 
analog circuits are still vital in a variety of applications including spacecraft control, remote 
sensing, and communications equipment. In the past, interfacing an analog system to a digital 
system was normally accomplished by separate components. Now it is possible to integrate the 
interface into the design of the digital component. By integrating the analog interface, circuit 
size and weight are minimized. 

Very Large Scale Integration (VLSI) techniques provide the capability to integrate 
analog and digital circuits on the same microchip. High-power Computer Aided Design (CAD) 
tools and simulation models are tools readily available to the designer of VLSI components. By 
using these tools, it is possible to design high performance inexpensive interface technology. 


For instance, a circuit designer can develop and build a programmable stray insensitive mixed- 


signal (Digital/ Analog) VLSI filter on a single microchip. The research work presented in this 
thesis reports on the design of a stray insensitive Programmable General Immittance Converter 
(GIC) circuit using the Cadence VLSI Complementary Metal Oxide Semiconductor (CMOS) 
design package. [1] 
B. THESIS ORGANIZATION 

The goal of this thesis is to design, manufacture and test a digitally programmable stray 
insensitive GIC filter. Basic filter structures and the reasons for choosing the GIC design are 
discussed in Chapter II. In Chapter III the advantages and operation of switched capacitor 
filters are explained. Chapter IV examines the operational amplifier and provides test results to 
validate the applicability of its application in the GIC filter design. Chapter V details the design 
and testing of a digitally programmable GIC filter. Design limitations and VLSI layout of the 
GIC filter are documented in Chapter VI. Finally, conclusions and recommendations for future 


work are outlined in Chapter VII. 


II. THE PROGRAMMABLE GENERALIZED IMMITTANCE 
CONVERTER DEVELOPMENT 


A. BASIC FILTERS 

A filter is a device that consists of a group of components including resistors, 
Capacitors, inductors and sometimes active devices such as operational amplifiers. The primary 
purpose of most filters is to modify the amplitude response of a circuit to a signal so that 
certain frequencies are attenuated or blocked, while others pass through unchanged. Most 
filters are placed in a group based on frequency ranges that are attenuated or passed. According 
to this classification, there emerge four basic filter topologies whose ideal frequency response 
characteristics are described in Table 2.1. These include low-pass, high-pass, band-pass and 
notch filters. For instance, a low-pass filter is one that attenuates the high-frequency 
components of a signal while passing through the low-frequency components 

A circuit designer attempts to implement an approximation to the ideal characteristics 
illustrated in Table 2.1. An ideal filter would pass only the desired frequencies and attenuate all 
others. In order to achieve near ideal filter response, the filter circuit generally becomes more 
complex, contains more components and is more expensive. With this background in mind, 
the variation in the quality of each component will have to be examined. 

The Quality factor, or “Q”, is a parameter used to describe the selectivity performance 
of a filter. For a first order filter, the Q parameter relates the distance of the filter pole to the 


jo — axis . For a more selective filter the Q value must be high. A high Q implies that the poles 


RC Low-Pass Filter Ideal Response 


Frequency 


Frequency 
Band-pass 


Frequency 
Notch Filter 





Table 2.1: Four Basic Filters with Frequency Response 


of the filter have to be closer to the jw - axis . The Q of a filter can be calculated by taking the 


inverse of the normalized bandwidth of the filter. Calculations for the normalization can be 
achieved by using the half power (3dB) point of the filter. Figure 2.1 illustrates the Q 
calculation. [2] 


o=— (Eq. 2.1) 


(0, — 0) 





0dB 
-3dB 


G ain 
dB 





09-1 og Wy tl 


Frequency 


Figure 2.1: Q Factor for Band-Pass Filter 


Filters are designed to accept or reject a frequency or range of frequencies. Typically 
the filter is described mathematically in the frequency domain through the use of transfer 
functions. The order of the denominator polynomial of the transfer function determines the 
order of the filter. The second-order bi-quad transfer functions are considered to be the basic 
building blocks for filters. Transfer functions for the four basic filter structures are presented in 
Table 2.2. The designer may choose a higher order filter but the complexity of the system 


would increase since realization would require additional components. [3] 


Filter Topology 


High-pass 










Table 2.2: Four Filter Topologies with Corresponding Transfer Functions 


B. PASSIVE AND ACTIVE FILTERS 

Prior to advances in solid-state technology, inductors and capacitors were used 
exclusively for realizing simple filters. These components proved to be effective for realizing 
low-pass, high-pass, band-pass, and notch filters. These passive LC circuits normally work well 
at high frequencies, but LC circuits have very poor performance at low frequencies. Inductors 
are not practical for low frequency applications because of the required large size and non-ideal 
characteristics. Therefore, considerable interest has been placed on designing inductorless 


filters. The operational amplifier (OP AMP) is the major component in inductorless filter 


design. 


OP AMPs, resistors and capacitors are the major components of an active-RC filter 
(inductorless filter circuit). The basic idea is to realize, using feedback techniques, transfer 
functions previously only attainable using both inductors and capacitors. This design can also 
be implemented using switched capacitor technologies. Many different circuits have been 
designed to realize an inductorless filter. However, the GIC filter is the least sensitive to the 
non-ideal characteristics of the operational amplifier. [4] 
©. THE GIC FILTER 

Filters are designed in various configurations. The most popular configurations include 
the Bessel-Thompson, Chebyshev, and Butterworth filters. Engineers like to exploit certain 
characteristics, like filter sensitivities, for specific applications. Performance may be viewed in 
terms of sensitivity. The variation of components with temperature, fabrication process and 
parasitic capacitance will all effect the filter performance. US calculations should be 
compared to actual operating parameters of a comparable filter design. Sensitivity calculations 
are used when optimizing a filter design. A detailed calculation of sensitivity for a highpass 
filter, as an example, will be covered later in this chapter. 

A well known circuit that is very tolerant to the non-ideal operational amplifier 
characteristics is the Generalized Impedance Converter introduced by Antoniou [4]. The GIC 
filter design is based on the properties of Antoniou’s Generalized Impedance Converter. The 
GIC filter design was introduced by Mikhael and Bhattachararyya [4] and proved to be very 
insensitive to non-ideal component characteristics and variations in component values. Figure 


2.2 shows the general topology of the GIC filter. 





e T, 
Y6 | Vin YS 
Figure 2.2: Generalized Immittance Converter Filter Topology 
The transfer functions relating v,, to voltages v, and v, are given by 
ΥΙΥ4Υ = 
т = TIf4 5--Y3Y 7(Y2 - Y6)- Y3Y 5Y8 (Eq. 23) 
ve Y1IY4(YS+Y 6) + Y 2Y3(Y7 + Y8) 
КАУ ΟΕ τομ” 
E a ei e (Eq. 2.3) 


Τ, - ----- 
2 y Y1Y4(Y5+ Y6) + Y2Y3(Y7 + Y8) 


in 





Table 2.3: GIC Filter Admittance Values 


From the admittance values listed in Table 2.3, the filter topologies depicted in Table 
2.1 can be realized. The outputs for the low-pass and notch filter topologies are taken from T}, 
while the outputs for the high-pass and band-pass topologies are taken from Т2. Nodal analysis 
can be used to derive the transfer functions for each filter with the outputs taken from Tı or 
Τὸ. In the previous transfer functions (Equations 2.2 and 2.3), operational amplifiers were 
assumed to be ideal in order to simplify the derivation of the GIC filter equations. Comparing 
the equations for T: for both the ideal and non-ideal case, we can be shown that the difference 
between the two frequency response plots is very small (Figure 2.3a and 2.3b). As a result of 
this excellent sensitivity property, the GIC filter is used in this research. Figure 2.4 


demonstrates the four different topologies. 
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GIC as a High-Pass Filter 
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Figure 2.3a: Ideal vs Non-Ideal Frequency Response 


GIC as a High-Pass Filter 
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Figure 2.3b: Magnified Frequency Response Comparison 
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e d). 


Figure 2.4: Four Topologies of the GIC Filter: a.) Low-Pass Filter, b.) High-Pass Filter 
c.) Band-Pass Filter, d.) Notch Filter 


D. SENSITIVITY 

Since component values vary, the actual response of the filter deviates from the ideal. 
In order to quantify and predict the deviations of the filter, the designer must examine the 
sensitivity of the circuit. Component sensitivity can be calculated by using the classical 
sensitivity function 


AY, x 
S= LIM 2.2: (Eq. 2.4) 


AX 0 





where x represents the resistor, capacitor or Gain Band-Width-Product of the operational 
amplifier and y represents the parameter of interest such as og or Q. For example (Eq. 2.5) 


and (Eq. 2.6), show the non-ideal sensitivity results for a high-pass filter [5]: 
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G2 C3 C7 


Ld (А ςτὸ, Стут? y [i G4 ce. G4G6 | id 
Wo ΘΕΟΊ Јегса св” G4’G6° G2? C3? s 
(32437 





| He '" G63W, ^ G6G6^ IE po -— 1 nu 
ο. m 266 ποσα G1?G4? ο; 2 u 
ο ο απ” 
One can also calculate the passive sensitivity using the ideal transfer function: 
25° 
E  — (Eq. 2.7) 
5 +25 + (о, | 
р 
By cascading two GIC filters, a 4P-order filter can be realized. By using (Eq. 2.7), the 
sensitivities for such a 4*-order filter can be calculated: 
Wo Wo Wo 
|= |= = Wo " C7 PM G1G4G6 
ὅν ὅν ἕν We OCT  |G1G4G6 4 G2C3 
G2C3 
О 
== (7 =z (Eq. 2.8) 
ας А 
C7 





Bl. | G1 Wo __ GI E pr G4G6 


Εμ τ. ο ο] ,[G164G6 4 G2C3C7 
G2C3C7 


= Gl Mr А =V, (Eq. 2.9) 
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Wo 


G8 C7 
|=——. G8 =1 (Eq. 2.10) 
ΟΡ 


The previous method illustrates analytical calculations of GIC filter sensitivities. A 


graphical method may also be used. Using the GIC non-ideal transfer function (Eq. 2.11) 


T LLLLLL(QIYIYSQY24YSY YOQ/AD)r(YlY42 YS) 00 ΘΟ. 
o (Y24 Y5-- YO(Y4-€ Y7 & YS(YVe Y3)1/(A1A2)) € YI (Y2 YS YO(YA  Y7 4 Y8XV/A1)+ * 


(Y3 Y7(Y2+ Y6))- Y3 Y5 Y8)) 


усш шы nen κα μια κο ᾱ--- πια (Eq. 2.11) 
(Y3(Y24- YS - YO(Y4 4 Y7  Y8)(1/ A2)) - (YIYA(YS - Y6)) - (Y2Y3(Y7 - Y 8) 


where Al=42= ‚and varying each of the filter components listed in Figure 5 by ten percent, 
5 


we obtain the transfer function frequency response which is illustrated in Figures 2.6 through 
2.13. A MATLAB program, is used to calculate the sensitivity for a 4^-order high-pass filter 
while varying eight different component values by £ 10%. The MATLAB program outputs 
two graphs (graph 1 depicts filter response of filter and graph 2 is the magnification of graph 1) 


per component depicting variations in sensitivity. Figure 2.6a and 2.6b show the 





Figure 2.5: 4^ Order High Pass filter 
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effects of an increase or decrease of 10% on R2. Upon comparing these frequency response 
plots to those in Figure 2.7 through 2.13, it is clear that variations in the R2 component has the 


largest impact on the magnitude response. 


10% Vanation in R2 


Magnitude (dB) 
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Figure 2.6: a) 10% Variation in R2 b) Magnified 10% Variation in R2 
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Figure 2.7: a) 10% Variation in R22 b) Magnified 10% Variation in R22 
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Figure 2.8: a) 10% Variation in R4 b) Magnified 10% Variation in R4 
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Figure 2.9: a) 10% Variation in R24 b) Magnified 10% Variation in R24 
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Figure 2.10: a) 10% Variation in R8 b) Magnified 10% Variation in R8 
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Figure 2.11: a) 10% Variation in R28 b) Magnified 10% Variation in R28 
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Figure 2.12: a) 10% Variation in C3 b) Magnified 10% Variation in C3 
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Figure 2.13: a) 10% Variation in C23 b) Magnified 10% Variation in C23 
This chapter has set forth the evidence required to show that the GIC filter is a very 
attractive candidate for use with a non-ideal OP AMP and with components that may vary. 
The next chapter introduces the characteristics and operation of the switched capacitor 


implementation of the programmable GIC filter. 
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III. SWITCHED CAPACITOR NETWORKS 


A. INTRODUCTION TO SWITCHED CAPACITORS 

In semiconductor fabrication, it is very difficult to control the exact thickness, length, 
and width of the materials used in fabricating resistors. As a result, there are often large 
variations in the values of resistance implemented in VLSI designs. A resistor is relatively 
simple to create, but its value can vary up to 50%. The resistance of a uniform slab of 


conducting material may be expressed as 


Re [2 [os (Eq. 3.1) 


where p = resistivity, t = thickness, 1 = conductor length, and w = conductor width. One 
method used, which provides good results, is laser trimming, but it is very expensive and still 
not exact. The switched capacitor technique seeks to replace the resistor in the circuit in order 
to provide a more accurate design. In today's VLSI designs, CMOS capacitors can be 
constructed within a tolerance of 0.1%. In order to tie together this discussion on component 
variations, the following example is presented. The filter center frequency for a given filter is 


set by the following RC product: 
De (Eq. 3 2) 


Certainly if R varies by as much as 50%, then @, will also vary by as much as 50%. For 


precision designs one needs accurate values for all components. A designer will also require a 
predictable integrated circuit (IC) fabrication process [6]. The first step toward achieving very 


accurate parameter values is to realize @, using a ratio of capacitors. In the following, it will be 


shown that a switched capacitor, Cr, can represent an equivalent resistor value, R, such that 
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1 
| | (Eq. 3.3) 


where f, is the switching frequency. Therefore, 





el 
C, = — oo c ° ° 34 
R 


Thus, if we can implement a resistor with a switched capacitance then the large variation in 
center frequency can be eliminated. 
Switched capacitor circuits operate on the principle that capacitors store a charge Q 


with a potential difference V. With a slight bias in one direction to achieve a net transfer of 

charge, one can achieve electric current flow. Therefore, if a capacitor C, is connected to a 

node with voltage Va, it stores Q, = C,V, . When connecting it to a subsequent node with 

voltage Vt, the capacitor will recharge to Q, — C,V, . The charge transferred from V, to V» 15 
AQ - Q, CL 


Figure 3.1 illustrates the switched capacitor network, with the switch being clocked on and off 


SW 


V, o —0 V, 


Figure 3.1: Switch Capacitor Network 
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аата = Y . The clock frequency has to be much greater than the highest frequency 


component η ) of the input signal. As a consequence, the voltage signals will not 


change significantly over a switching period. Therefore, the average rate of transfer of charge 


O over the period T is considered current flow and may be expressed by 


ES 


есе, (Eq. 3.5) 


Dividing the potential difference by I, we obtain the expression for resistance 


у= 1 (Eq. 3.6 
ZI E 


R 
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Actual implementation of the previous switching circuit is shown in Figure 3.2, where two 
Metal Oxide Semiconductor (MOS) switches are used to accomplish the switching task. This 
circuit requires two non-overlapping clock signals, , and 4, , as depicted in Figure 3.3. The 
MOS transistors are switched on ('1' for closed) and off (0' for open). In Figure 3.2, when 


t = nT, switch Sı is closed momentarily to instantaneously charge the storage capacitor Cp to 


Ф, Ф, 
у, V, 
5, S, 


I 


Figure 3.2: Switched Capacitor with npn Transistors 
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Figure 3.3: Non-Overlapping Clock Output 


the value V,(nT). The capacitor then transfers all of the charge to node Vb t seconds later 
when switch S2is closed. In order for this to work properly, the non-overlapping two-phase 
clock of Figure 3.3 is required to prevent a direct short circuit that may occur if both switches 
are closed simultaneously [1]. 
B. THE TWO-PHASE NON-OVERLAPPING CLOCK DESIGN 

The two-phase clock is one of the most important parts of the Complementary Metal 
Oxide Semiconductor (CMOS) switched capacitor GIC &lter design. MOS and CMOS devices 
will be discussed in detail in Chapter VI. The clock has to be non-overlapping and must have a 


sufficiently long duty cycle to allow proper charge transfer. Figure 3.4 shows the two-phase 
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clk | Ф, 


Figure 3.4: Two-Phase Non-Overlapping Clock Circuit 
non-overlapping clock circuit. This design is based on a cross-coupled RS flip-flop. The 
external clk input is fed into an inverter and a NOR gate, producing opposite signals through 
the flip-flop. [7] 

During initial Spice simulations the speed of each inverter pair was adjusted to ensure 
non-overlapping clock outputs. The speed of the inverters was adjusted by the size of NMOS 


or PMOS devices used. The Spice simulation schematic is shown in Figure 3.5. 
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Figure 3.5: Spice Two-Phase Non-Overlapping Clock Schematic 
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Simulation of the two-phase clock was initiated with an input clock pulse of +5 volts at 
a frequency of 1 MHz. This clock enabled the overall circuit to provide two separate clock 
signals. The two signals were even and odd phases, non-overlapping at 1 MHz and are shown 


in Figure 3.6. Magnification of Figures 3.6 is provided in Figures 3.7 and 3.8. [8] 


* C:\Mickey\thesis\Thesis_1\2PH_CLK\Clk_2p.sch 
Date/Time run: 11/07/97 09:30:19 Temperature: 27.0 


(A) Clk_2p.dat 





Date: November 07, 1997 Page 1 Time: 09:32:32 


Figure 3.6: Two-Phase Non-Overlapping Clock Spice Simulation Output 
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5 C:\Mickey\thesis\Thesis_1\2PH_CLK\CIK_2p. sch 
Date/Time run: 11/07/97 09:30:19 Temperature: 27.0 


(A) C1k_2p.dat 





.Qus 
o V(M0:d) o V(M14:d) 


Date: November 07, 1997 Page 1 Time: 09:39:22 


Figure 3.7: a). Input Clock Signal b). The Magnified Spice Output of the Two-Phase 
Non-Overlapping Clock 


* C:\Mickey\thesis\Thesis_1\2PH_CLK\Clk_2p.sch 
Date/Time run: 11/07/97 09:30:19 Temperature: 27.0 


(B) C1k_2p.dat 
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Figure 3.8: The Magnified Spice Output of the Two-Phase Non-Overlapping Clock 
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ο CONTINUOUS/DISCRETE 

Since switched capacitor networks use sampled-data techniques similar to digital filter 
applications, the z-transform is the appropriate analysis tool. When applying the z-domain 
analysis to a continuous system, the transformation must be such that it maintains the 
s-domain equivalency. If we consider a model of a continuous-time filter with a transfer 
function Ha(sa), the system response is then determined by the following system of first-order 


differential equations 


ie ο ded ee INE (Eq. 3.7) 


where x; are the state variables of the filter. ‘The g(t) terms are the linear functions of the state 
variables x;(t) and the input signal. Using the Laplace transformation, we obtain from (Eq. 3.7) 
SaXi(Sa) = Gi(Sa), i =1, 2, ..., N. (Ед. 3.8) 
where xi(t) — 0 for t € 0 and an analog model is indicated by using the subscript (a) [9]. 
Equations of a sampled-data system, which can realize the same continuous-time filter 
previously mentioned, are related to each other by a first-order difference equation. The 
difference equation can be found by integrating (Eq. 3.8) and using (n-1)T and nT as the limits 


of integration. The integration yields 


7 dx(t) - _ (Т ΜΝ 
r3 “dt = x, (nT )- x, (nT -T) = | gi(t)dt,i=1,2,..N. Eq. 3.9) 


The approximation of the integral may be accomplished using either Euler or 


trapezoidal formulas. In general, the trapezoidal formulas are more accurate. This method can 
be used if the area under the curve for(n — 1)T < t < nT is approximately that of a trapezoid. 


From this approximation, (Eq. 3.9) becomes 


2 


Γ g,(dt =—[e, oT -T)+ g, (T). (Eq. 3.10) 


n-1)T 


Therefore, from (Eq. 3.9) and (Eq. 3.10), the following equation holds: 
x, (nT )- x, (nT -T )= le nT-T)+ gaT). (Eq. 3.11) 


A graphical representation of the trapezoidal method is illustrated in Figure 3.8. 


y, (z) 









— lea -T)+ (ат) 





nT -T nT 


Figure 3.9: Trapezoidal Integration Technique 


Upon application of the z-transformation, (Eq. 3.11) becomes 
= 
Eu О) (Eq. 5.12) 
2 


By using the trapezoidal integration technique (the Bilinear Transform), designers can show а 
relationship between the variable s in the s-domain and tlie variable z in the z-domain. In 
particular, 


22-1 
$ =——— 5.13 
= (Eq. 3.13) 


There are two requirements for the transformation method. The first requirement is to 
map stable s-domain functions into stable z-domain functions. The second requires mapping 


the j@-— axis in the s-plane to the unit circle in the z-domain. The first of these requirements 
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ensures the network stability. The second of these requirements will ensure the preservation of 
gain response. A designer can test the ability of the transformation techniques to meet the 


requirements by setting s=-0 + j@ and analyzing z for different stable values of s. 


With s = ЈО, 


1+ jo, T⁄ 


1- jo, T7, 


Stable s-plane poles are mapped into stable z-domain poles by using the above bilinear 





-] (Eq. 3.14) 





= 





transformation method. This same method also maps the s-plane J@ — axis to the unit circle 
in the z-plane. Figure 3.10 shows the results of the bilinear transformation. This technique is 
considered to be satisfactory for performing the mapping function. The bilinear transformation 


technique is a preferred choice in switched capacitor network applications [9]. 





Figure 3.10: Bilinear Transformation Results 
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р. BILINEAR TRANSFORMATION SIDE EFFECTS 

The transformation from the s-domain to the z-domain has some drawbacks. Even 
though the mapping of s-plane poles to z-plane poles meet the aforementioned requirements, 
some imperfections or side effects must be discussed. By solving (Eq. 3.15) for s, 


ς- 2-1 (Ба. 3.15) 
“Ff 241° d^ 


substituting e’” for z and dividing both the numerator and denominator by 2е/%? , We 


obtain 





— = tan > (Eq. 3.10) 
Further, solving (Eq. 3.16) for @, we get 


2 ROT 
@ = — tan | —— 31 
T | > | (Eq. 5.17) 


The difference between a given frequency in either network, analog or switched capacitor, is 
described in (Eq. 3.17). The major drawback, commonly called warping, comes from the 
transformation of a straight line from the s-domain to the unit circle in the z-domain. The 
designer needs to minimize potential warping by maintaining a clock frequency at least ten 
times greater than that of the analog signal frequency [10]. 
E. THE BILINEAR SWITCHED CAPACITOR RESISTOR 

This section covers the development of the floating bilinear switched capacitor resistor. 
This type of resistor is used in the implementation of the GIC filter. The switched capacitor 


network depicted in Figure 3.11 will be studied using nodal analysis. The 'e' in the Figure 
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denotes ‘even phase' while 'o' denotes 'odd phase’. As illustrated in Figure 3.11, two separate 


nodal equations can be generated: one for when the 'o' switches are closed and one for when 


Lech 


Figure 3.11: Floating Bilinear Resistor 


the 'e' switches are closed. The clock period shown in Figure 3.7a is denoted by T , where the 


penod 7 = Y . The sampling rate is kT where Ag(kT ) represents the instantaneous charge at 


either node for the even and odd sampling periods. 


For even kT times: 
Лаг (КТ) = Суг (КТ) Суг (к –1)7]- Суз (КТ) cv; (k — YF] 


Аа! (ЕТ) = Съз (КТ) – Суз (6 — DF ]- Суг (КТ) – Сәг -1)r] 


For odd KT times: 
Aq (kT) = Суг (КТ) Су (к — Ur ]- Cv; (kr )- Соз (к - Ur | 


Aq; (kT) = Cv; (kT)- Cv; (k — Ur ]- Cv &T)- Cf [K-17] 
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(Eq. 3.18) 


ΕΠ 


(Eq. 3.20) 


ως ο 


From the z-transform, where Zlu (kT) =U (z) and Zlu [(k — jr |] = ¿y (z), the 


nodal charge equations can be found. With Q=CV, the charge equations for the floating 


bilinear switched capacitor resistor of Figure 3.11 are shown to be as follows: 


AQ‘ (z)=CV;(z)+ С: ?v°(z)- (cv; (z)+ Cz Ay (z) 
AQ? (z) » CV? (z) Cc ^v; (z)- (cvik 2)+ Ce AVE (z 


AQ: (z)= CV; (z)+ Cz ^V? (z)- (cv; (z)+Cz Ayo ( 


АО: (@)= СУ; @)+ С.У; c)- (ev (2) + cc ^v; i 


(Eq. 3.22, 


(Eq. 3.23) 


(Eq. 3.24) 


(Eq. 3.25) 


The above equations can be simplified by adding the two equations governing each node. 


AQ, (z)= 1+2 Ῥγιο- q(1« 2^ y. (2) 
AQ, (z)= σι +z% γ,θ- [1 +2” γω 
Reducing (Eq. 3.26) and (Eq. 3.27), we get 
YR(V, (z)) - YR(V, (z)), 
AQ, (z) - YR(V, (z)) - YR(V, (z)). 


AQ, (z)= 


Combining the above equations, we obtain 
AQ, - AQ, - ((KR(V, (z)) - YR(V, (2) - (YR(V, (2) - YR( (2))] 
AQ = YRAV, – ҮКЛУ, 


Given that z =e” fora half clock cycle, (Eq. 3.32) is obtained: 


me cre 
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(Eq. 3.26) 


(Eq. 3.27) 


(Eq. 3.28) 


(Eq. 3.29) 


(Eq. 3.30) 


(Eg. 35-519 


(Eq. 3.32) 


On the other hand, given Z = σα clock cycle: 
YR= C(1+ z7) (Eq. 3.33) 
Before finishing the nodal analysis on the floating bilinear resistor, we,must first find 
the element transformations for each component. The following element transformations can 
be found in Ref. [10, 11]. It can be shown that due to the sampling the switch capacitor 
networks are time dependent. Studying the current and voltage relationship across a resistor, 


capacitor and inductor the following bilinear transformation equivalences can be easily derived. 











St Capacitor |  Resistor h | 
Laplace C G 1 
[= н. ee 
Transformation = = 
2 4 


Table 3.1: Z-domain Scaled Admittances (from Ref. [11]) 







| а | eral +z ) eee 
Now using the bilinear resistor equation from Table 3.1, Loma and setting it 


equal to the admittance of a resistor [11], the following simplification can occur. Equation 3.35 
shows that a desired admittance can be achieved with appropriate clock frequencies. 


For half a clock cycle: 


(Eq. 3.34) 


where 


С = — (Eq. 3.35) 
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and for a full clock cycle: 
CG (Eq. 3.36) 


The GIC or switched capacitor filter network can be realized best by reducing the warping 
effects and then choosing a capacitor to fit your circuit. 


Е. SPICE SIMULATION OF THE BILINEAR SWITCHED CAPACITOR 
RESISTOR 


Two transistors biased on and off with the non-overlapping clock signals ®, and Ф, 


will realize the bilinear resistance for a GIC filter. The input signals zu_even and zn_odd are ф, 


in_even 


out 





in_odd 


Figure 3.12: Bilinear Switched Capacitor Resistor 
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and @, respectively. The Spice simulation was initiated with the two phase non-overlapping 
clock operating at 100 kHz. A Inf switched capacitor is used to realize the resistor. The value 


of R implemented is 


(Ед. 3.37) 


P | Y _ Mooxetz _ een 
4C 


4C (Inf) 
For the given circuit considered, the resistance network yields a voltage divider that will 
theoretically scale the input by one half. With an input sine wave of 100mV, it can be 
concluded that a 50mV output is expected. The Spice simulation schematic is shown in Figure 
3.13, and the simulation output results are shown in Figure 3.14. The output is indeed one half 
the input, thus validating (Eq. 3.37). An additional simulation was completed with the 
tollowing changes: the clock frequency is increased to 200 kHz and the switched capacitance is 
decreased to 0.5nf. Again the output shows a fifty-percent reduction in the input signal at the 
(see Figure 3.15) output. The Spice netlist and output files for these simulations are listed in 
Appendix B. [8] 

The next Chapter introduces the operational amplifier and why we chose the 


Silvernagle operational amplifier for this research. 
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Figure 3.13: Spice Simulation of the Bilinear Switched Capacitor Resistor 
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Figure 3.14: Spice Simulation Output of the Bilinear Switched Capacitor Resistor with 
fc =1 00 kHz and Cn - 1 nf 


* C:\Mickey\thesis\Thesis Simulations VTopologyMSW, Cap. 3. sch 
Date/Time run: 02/16/98 11:59:50 m ' еы Temperature: 27.0 
(A) SW_Cap_3.dat 
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Figure 3.15: Spice Simulation Output of the Bilinear Switched Capacitor Resistor with 
fe = 200 kHz and Cr= 0.5 nf 
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IV. THE OPERATIONAL AMPLIFIER 


Ἂν INTRODUCTION 

In 1965, Fairchild Semiconductor introduced the 114709 , the first widely used 
monolithic OP AMP. Although highly successful, this first generation OP AMP had many 
disadvantages. This led to the development of a more improved OP AMP known as the 
A741 in 1970. Because it is inexpensive and easy to use, the 114741 has been widely used in 


numerous applications. Many other 741-derived designs have appeared from various 
manufacturers. Inevitably, general purpose OP AMPs were redesigned to optimize or add 
certain features. Special function ICs that contain more than a single OP AMP were developed 
to perform complex functions such as a flash AD converter. One should expect to see a 
continued rapid development of more and more highly complex integrated circuits on a single 
microchip. These chips will continue to combine OP AMPs with digital circuitry. In fact, with 
improved Very Large-Scale Integrated (VLSI) technology, it is inevitable that entire systems 
will be fabricated on a single chip. [5] 
B. EXAMINING THE OPERATIONAL AMPLIFIER 

Real OP AMPs depart from the ideal in two important ways: limitations on operating 
frequency (bandwidth) and on output voltage swing (usually closely related to the voltage 
supplied). The following nine subsections define terms associated with OP AMP 


charactenzation. 
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1. Input Bias Current 





Figure 4.1: Circuit Symbol For The OP AMP 
Ideally the input bias currents (/,, ) and (/,, ) should be zero (referring to Figure 4.1), 
but in real-world applications the OP AMP requires small dc currents for operation. Typical 
values are 10 to 100 nA for bipolar input devices, and less than 0.001 pA for MOSFET input 


devices. The average value Ig is defined as the input bias current. 


E Igi t 15; 


E 5 


(Eq. 4.1) 


The difference between the two input bias currents is called input offset current and is defined 
as 
Г. = TET ds (Eq. 4.2) 

For example, for the 741 OP AMP, the input bias current is on the order of 40 nA and the 
input offset current is on the order of 5 nA. 

2. Input Offset Voltage 

Given that there is no differential voltage between the inverting and non-inverting 
inputs of the OP AMP, ideally there would be no output voltage. However, OP AMPs 
generally require several mV of differential input to zero out the output. This nulling input 
signal is defined as- input offset voltage, v, It ranges from 1 to 5 mV for bipolar input devices 


and 1 to 20 mV for FET devices. 
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3. Common Mode Rejection Ratio (CMRR) 
A common-mode signal is a signal common to both inputs of the OP AMP 
simultaneously. This can be expressed by connecting both inputs together as shown in Figure 


4.2 and supplying an input signal v,,. The CMRR is evaluated from 





Figure 4.2: CMRR Circuit 





CMRR - 201og 4 (Eq. 4.3) 


cm 








where A is the differential gain of the open-loop OP AMP and A,,, is the ratio ΚΑ . Ihe 


CMRR is a measure of the ability of an operational amplifier to reject signals, such as noise, 
present simultaneously at both inputs. 

4. Input Impedance 

The ratio of input voltage to input current is called the input impedance. For an ideal 
amplifier, it should be infinite, but typically it ranges from 100 k£2 to 2 MQ for the 741 OP 


AMP and essentially infinite for CMOS OP AMPs. 
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5. Output Impedance 


Output impedance is the ratio of open-circuit output voltage to short circuit output 
current. For an ideal amplifier, it should be zero, but typically it ranges from 40 to 100 Q for 
bipolar OP AMPs. For a real MOS OP AMP output impedance is usually resistive and on the 
order of 100 to 5,000Q. 


6. Frequency Response 

The frequency response characteristics of an OP AMP is a vital operating parameter. 
Because of stray parasitic capacitance, the open-loop transfer function of an OP AMP has 
additional poles. For the 741 OP AMP, these poles are typically at 2-3 MHz and 8 MHz. A 
741 OP AMP rolls off at -20-dB/decade (typical for internally compensated) with a 
bandwidth of 1 MHz. This effect can be described in terms of the Unity Gain Bandwidth, 
which is defined as being the frequency at which the frequency response magnitude is equal to 
unity. Typical values for MOS OP AMPs are in the range of 1-10 MHz. Measuring the Unity 
Gain Bandwidth can be achieved by connecting the OP AMP in the voltage-follower 
configuration. 


7. Slew Rate 





; d 
Slew rate is the rate of change of the output voltage with respect to time | " ) In 


particular, the output is measured following the application of a large input signal (a prefect 


step input function). Typical values are on the order of a few Ln . For MOS OP AMPS, slew 


rates of 1-20 y can be obtained. 
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8. Finite DC Gain 
For practical OP AMPS, dc voltage gain is finite. Actual values for low frequency and 


small signals range from an absolute value of 100 to 10°. 


Gain(dB) — 201og -- (Eq. 4.4) 
p- 


9. Finite Linear Range 
The linear relationship between the input and output voltages are only valid for a finite 
range. This range can be equal to a value just below the dc power supplied to the OP AMP 


shown in Figure 4.3. For example, the range for a “A741 is around 12 V for the positive 





Figure 4.3: OP AMP Connected To Dc Power Supply 


supply and -11 V for the negative supply. This value is not constant for all OP AMPs and each 
type of OP AMP has a different linear range. Finite linear range is the maximum output 
voltage without clipping. 


С. METAL OXIDE SEMICONDUCTOR (MOS) OPERATIONAL 
AMPLIFIER 


MOS OP AMPs consist of a number of metal-oxide-semiconductor field effect 


transistors (MOSFET). Upon superimposing several layers of conducting, insulating and 
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transistor forming material together, semiconductor fabricators can realize electronic 
components such as OP AMPs. These OP AMPs have virtually no resistors or other 
components with the exception of the MOSFETs. This technology is increasing in popularity 
because MOSFET elements permit a much greater complexity and take up less chip space 
(chip real estate). This facilitates more complex circuitry, smaller gate sizes, and faster speeds in 
the same amount of area. The function of the MOSFET differs from that of a PNP transistor 
because Bipolar Junction Transistors (BJT) are current devices and MOSFETs are voltage- 
controlled devices. The MOSFET is turned on with an applied electric field created by the gate 
voltage. The MOS transistor is turned on and off by the gate controlling the passage of current 
between the source and the drain. This process will be discussed in-depth in Chapter VI. 
D. TESTING THE OPERATIONAL AMPLIFIER 

Silvernagle initially developed the operational amplifier considered in this thesis. 
However, the layout in Cadence was completed without the aid of Silvernagle’s OP AMP 
layout. The schematic of the OP AMP is shown in Figure 4.4, and the VLSI layout is shown in 


Appendix D. Research efforts regarding the Silvernagle OP AMP can be found in Ref.[12]. 


w=660=66u 
l= 1ου 18u 





Figure 4.4: Schematic View Of The Silvernagle Operational Amplifier 
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An ideal OP AMP (Figure 4.5) may be modeled as a voltage-controlled voltage source 


with an infinite voltage gain. The input resistance is considered to be infinite and the output 





Figure 4.5: Ideal OP AMP 


resistance is considered to be zero. Unfortunately, Spice does not allow infinite values, so the 


infinite gain voltage source can not be modeled as such. A designer must compromise and use 


a finite voltage gain around 10° Ve . When these constraints are used on the OP AMP, it can 
no longer be called ideal, but rather pseudo-ideal [8]. 
The simulation schematic in Spice is shown in Figure 4.6. This circuit was investigated 


by applying a 0.1 mV input sine wave at 100 Hz. This input signal was supplied to the positive 


input terminal with the negative input terminal grounded. It is anticipated that the OP AMP 
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will amplify the input by a factor of at least 1000 times. Results of this investigation are 
documented in Figure 4.7.. Once 1t was determined the circuit was operating correctly it was 


then tested for slew rate and Gain-Band-Width Product (GBWP) [8]. 


* C:\MSIM63A\OPAMP\OPAMP1.SCH 
Date/Time run: 02/07/97 08:45:03 Temperature: 27.0 
(A) C:\MSIM63A\OPAMP\OPAMP1.DAT 


100uV - o o nn o T X EX XIX YT tX CODO TTC σα 4 
I ' 


' 
оу. 


І 
I 
SEL>>! i 
A 3 5255552 7 7 7777 2 1221221771... 27 27272 7 52 ae = 
3 V(V16:+) 
800mV _ ---------------------------------------------------------------------------------------- _ 
' ' 
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Date: February 07, TS: page mer 08:47: 
Figure 4.7: Spice Output Signal From The Silvernagle OP AMP 
A cause of non-linear distortion {5 slew rate. À designer can find the slew-rate by 
applying a δα larger step input into the OP AMP, with the OP AMP in a unity-gain 
follower configuration, as shown in Figure 4.8 where R; =œ and R, =0. The resulting 
output should show a linear slope when compared to the input step. The results should closely 


mimic the plots illustrated in Figure 4.9. 
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Figure 4.8: Non-Inverting Configuration 
The following derivation shows mathematically how a step input can uncover slew-rate in an 
OP AMP [5]. The amplifier's closed-loop transfer function may be expressed by 


R 
Vs) pi 4 


(s) = a (Eq. 4.5) 


л сс ον 


νο 


where (Eq. 4.5) is a non-inverüng amplifier configuration. Upon setting R,=0 and R,=», the 





unity gain follower circuit is obtained and the above equation reduces to 


V. (s) — Ó 
V (s) = : (Eq. 4.6) 


I 
ω 








The output response, given a step input, is given by the following equation. 
v, (t)= ү = ) | (Eq. 4.7) 


With T = = , Figure 4.9 illustrates the anticipated results. 
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(3) 


i 
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V 
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(c) 


Figure 4.9: Slew Rate With Step Input A) Step Input B) Output With V; Small 
C) Output With V; Large 


Slew-rate limiting caused from sinusoidal inputs is also a problem for OP AMBs. 
Using the unity-gain follower configuration from μας and applying a sinusoidal input given 
by 
v, =V sinat, (Ед. 48) 
we obtain the derivative of the input signal as 


d А 
P5 - QV. cos ax . (Eq. 4.9) 


When the maximum amplitude of the derivative of the input signal, aV, , exceeds the OP 


AMPs slew-rate it will produce a distortion in the output as shown in Figure 4.10. 
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Output signal Output signal 
Slew-rate limited 





Figure 4.10: Slew Rate With Sinusoidal Input 
Internal amplifier saturation effects are one cause of slew-rate limiting, which will 
ultimately determine the high-frequency operation of the OP AMP. The slew-rate test was 
performed in Spice with the circuit schematic illustrated in Figure 4.11. The observed slew rate 


was compared for several OP AMPs and the results are included in Table 4.1. [5, 13] 
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Figure 4.11: Spice Unity-Gain Simulation 


ЭТ 





OP AMP 


Slew Rate 
Rising Edge LF411ACN 12.81V /usec 


x | Siene | 3.85V /usec 
||. | 10101 BPC (741) 1.26V /usec 


Table 4.1: Test Results For Slew Rate Limiting 






The next simulation performed with Spice was the gain band-width-product test. The 
simulation in Spice was configured as detailed in Figure 4.6 with an input sinusoid of .1mV at 
100 Hz. Using the AC sweep function from 10 Hz to 1 MHz with 100 step size, the gain 


band-width-product was then plotted using the add trace feature and with the gain — 
dB VA } The gain band-width-product of the Silvernagle OP AMP is shown in Figure 


4.12. The results from testing the Silvernagle and other OP AMPs are listed in Table 4.2. The 
Silvernagle OP AMP compared favorably with the other commercial OP AMPs. [8] 

It was determined as the result of testing that the Silvernagle OP AMP outperformed 
the 741 OP AMP in both slew rate and unity gain-band-width while complexity remained the 
same. Therefore, the Silvernagle OP AMP was chosen as'a suitable choice for integration. The 


next chapter details the design of the programmable GIC filter. 
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Figure 4.12: Silvernagle Opamp Gain Bandwidth Product 







OP AMP "ν΄ 
Gain Band-width Product LF411ACN 7.15 MHz 


| 10101 BPC 


Table 4.2: Test Results For Gain Bandwidth Product 
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V. DESIGNING THE GENERALIZED IMMITTANCE 
CONVERTER FILTER 


А. INTRODUCTION 

This research project has two goals. The first goal is to conduct simulations and 
build a programmable switched capacitor GIC filter on a wire-wrap board for testing. The 
second goal is to apply the knowledge gained from testing to enable integration of the filter 
onto a chip. 
B. PROGRAMMABILITY 

One of the many advantages of switched capacitor filters is the ease with which they 
can be programmed to perform different functions. However, in order to completely 
understand the advantage offered by switched capacitor filters, the following several 


concepts must first be examined. The center frequency and quality factor for the GIC filter 


are given by (Eq. 5.1) and (Eq. 5.2): 


(Eq. 5.1) 


E95) 


where G is the bilinear switched capacitor admittance, G, is the quality capacitor 


admittance, and C is referred to as the frequency capacitor. These quantities are interrelated 





by 
on АС ας. 
rer (Eq. 5.3) 
АС 
6 e EJ (Eq. 5.4) 











= (Eq. 5.5) 
Q, = E = z (Eq. 5.6) 

0, = anf, = 2: Eq. 5.7) 
p af (Eq. 5.8) 


By adjusting the ratio of the three separate capacitances, C,,, C, and C, the designer has 
the ability to adjust the quality factor (0 n of the circuit, the corner frequency ( f » and 


even the filter type. 
C. PROGRAMMABLE FILTER TOPOLOGY 

The intended design must be capable of realizing the four filter types: high-pass, low- 
pass, band-pass and notch. A proposed control scheme for this design uses a two-bit signal, 
shown in Figure 5.1. The programmable GIC control circuits used an eight-switch DIP 
package for switches S, through S,. The desired filter type is set by the particular switch 
combination. 

To realize the four topologies of the GIC filter shown in Figure 5.2, the admittances 
must be replaced with the discrete values found in Table 5.1. These components consist of 
admittance G, admittance G,, and capacitor admittance C. The digital logic controls the 
placement of the components through the use of digital Quad Bilateral Switches 
(CD4066BC). 'The components that make up the digital logic are NAND gates 


(CD4011BCN) and inverters (CD4049CN). 
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Figure 5.1: Digital Circuit Topology 
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Table 5.1: GIC Filter Admittance Values 
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Figure 5.3 shows that there are 18 switches to control [11, 14]. These 18 digital 
switches can be configured in different arrangements to realize the four-desired filter types. 
Given the proper digital logic, the four different filter topologies are obtainable through only | 
2-bits of information. The active switch positions for each topology are shown in Table 5.2. 


The data sheets for all of these components are listed in Appendix A. 








Оз, [5 [T Topology | _ Active Switches SSS 
0 [0 | Notch Filter | 82 183186 | 510 | sı2 | S14 [ $15 [ $18- 
[70 | 1 | High-Pass Fiter | S1 | 83 | S6 [510 | 512 [514 [516 [517 
1 10 | Band-Pass Fiker | sı | $3 | 57 | S9 | S12 | S14 | S16 | SI7- 


Table 5.2: Truth Table For Programmable Topology 







58 


S18 


S17 





V. 


in 


Figure 5.3: GIC Filter With Programmable Topology 


D. PROGRAMMABLE POLE FREQUENCY TOPOLOGY 

Programming the filter pole frequency was accomplished by using the circuit shown 
in Figure 5.4. Using a three-bit control signal, implemented with DIP switches S,, S,, and Sz, 
the designer is able to control six digital switches that provide up to eight separate pole 
frequencies. As demonstrated in Figure 5.5 each switch, S,, S,, and S, , activates two digital 
switches simultaneously. The DIP switches directly control a bank of parallel connected 


capacitors. The value C s represents a unit capacitance of 3000 pF where 2C f and 4C f 


represent 6000 pF and 12000 pF, respectively. The digital switches are realized through the 
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of Figure 5.6 documents the entre circuit. The data sheets for all components are in 


4С, LS S21 
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Figure 5.4: Capacitor Network For Pole Frequency 


Appendix D. 
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Figure 5.5: Digital Logic Circuit for Pole Frequency 


The DIP switch position and corresponding pole frequency are shown in Table 5.2. 
Because of the warping effect described in chapter three the clock frequency should be 
approximately 10 times the pole corner frequency, but due to limitations encountered with 
the digital switches on the wire-wrap board 100 kHz was the highest clock frequency which 
provided adequate results. The results anticipated from the fabricated semiconductor chip 


should allow the clock frequency to be > 1 MHz. [11, 14] 
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Table 5.3: Frequency vs. Capacitance 
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Figure 5.6: GIC Filter With Programmable Topology And Pole Frequency 
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E, PROGRAMMABLE POLE QUALITY FACTOR TOPOLOGY 

The pole quality factor is programmed by a three-bit control signal from DIP | 
switches S;, S,, and S;. This allows the selection of eight different pole quality factors over 
the range of 0.8 < Q, < 5.0. The pole quality factor circuit is realized through the use of 


five unit capacitors (6 ‚) and a network of switches and digital control logic (shown in 


Figure 5.7). A decision was made to stay with the stated small change in pole 
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Figure 5.7: Network For Quality Factor 


quality factor, Q, , to minimize the amount of digital control logic as shown in Figure 5.8. It 


should be noted that by adding levels of selectivity to the circuit, the maximum pole quality 


factor for the circuit is not increased. 
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Figure 5.8: Digital Logic Circuit For Quality Factor 
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Table 5.4: Quality Factor 


The control signals are selected to provide a simplified digital logic circuit. Table 5.4 
describes the state of the switches for each control signal and the resulting pole quality 


factor. Figure 5.9 shows a programmable GIC filter with digital switches and components 


that will realize the filter type, center or cutoff frequency and the quality factor. A complete 


and tested Programmable General Immittance Converter filter is shown in Appendix A. 
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Figure 5.9: GIC Filter With Programmable Topology, Pole Frequency And 
Quality Factor 


E. CONSTRUCIING AND TESTING OF THE PROGRAMMABLE 
GIC CIRCUIT 


The components were selected so that the circuit of Figure 5.9 could realize a 
second-order GIC filter with the following programmability: 

e Filter Topology 

e Pole Frequency 


e Pole Quality Factor 
As seen in the circuit layout of Appendix A, the OP AMPS used are LF411ACN and the 
capacitors for the bilinear and variable bilinear resistors are 3 nF. The clock speed was set 


for 100 kHz. Using a HP 3585B Spectrum Analyzer, two sets of output responses were 
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generated. The first data set is compared at different frequency values where Q=5. The 
second set of output responses is compared with the frequency constant (~8.8 kHz) and Q 
is varied. The output graphs appear as anticipated and are recorded in Appendix A. The next 


chapter covers the implementation of the GIC on a chip. [11, 14] 
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VI. VLSILAYOUT 


A. INTRODUCTION 

The second goal of this research project was to integrate a programmable 
Generalized Immittance Converter (GIC) filter into a semiconductor chip. The design 
considerations of this chapter combine the GIC filter material discussed in Chapter II, the 
switched capacitors techniques introduced in Chapter Im the operational amplifier details 
presented in Chapter IV, the networks that achieve GIC programmability as detailed in 
Chapter V, and the design limitations encountered in Very Large Scale Integration (VLSI). 
B. SEMICONDUCTORS 

Silicon (SI) in its pure state has a resistive property somewhat like an insulator and is 
essential for the Metal Oxide Silicon (MOS) process. The reason for using SI is that it is 
abundantly available and can be manufactured to a very high purity level. As shown in 
Figure 6.1 an atom of pure silicon has a total of fourteen electrons, four of which are in the 


outer valence shell. Pure silicon is formed by a process termed covalent bonding. 


Figure 6.1: Bohr concept of an Atom of Silicon 
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The central silicon atom in Figure 6.2 1s shown as sharing electrons from each of the 


four neighboring silicon atoms. Each of the four neighboring atoms, in turn, is sharing one 


of the electrons of the central atom’s valence shell for bonding purposes. Thus, none of the 


atoms exclusively have eight electrons in its valence shell but shares electrons with 


neighboring atoms. The process of sharing electrons to fill the outer valence shell is termed 


covalent bonding. 


O © O 
Figure 6.2: Depiction of Covalent Bonding in Silicon Atoms 
A valence electron in a neighboring atom can leave its covalent bond quite easily to 
fill a hole. When the free electron leaves 1ts bond, a hole 1s left behind. The hole has 
effectively moved in the opposite direction. This process can continue, with the holes 
moving to the right as electrons progress to the left. Thus, this mechanism does not involve 
the movement of positive charge or holes only. The charge motion, or current, in pure 
silicon is the sum of the free electron flow and the hole flow. 
Pure intrinsic silicon has very low conductivity, and thus it is classified as an 

insulator. The conductivity can be increased significantly, making the silicon a 


semiconductor, by the addition of certain materials known as impurities or doping agents. 
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The silicon is then called extrinsic, or adoped semiconductor. The added impurities are 

either pentavalent (5 valence electrons) or trivalent atoms (3 valence electrons). 
Phosphorus is a pentavalent material it has fıve electrons in its outer valence shell. 

When a small percentage of phosphorus is added to pure silicon, the phosphorus atoms 


displace some of the silicon atoms, forming the arrangement shown in Figure 6.3. Since only 
Pentavalent atom 


ê 
Extra Electron 






Silicon 





Silicon 
Atom 


эз” 


Silicon 
Atom 






Silicon 
Atom 
Figure 6.3: N-Type Semiconductor 

four of the five electrons are needed for covalent bonding, one electron is donated to the 
crystalline structure. At room temperature, this fifth unbonded electron is easily detached 
from its parent atom to become a free electron. The phosphorus impurity is called a donor 
n-type impurity material. The atom itself is ionized, acquiring a bond positive charge that is 
not free to move. 

The next in the process involves the addition of aluminum, a trivalent impurity, to 
silicon. Since there are only three electrons in the aluminum atom’s valence shell, the 
substitution of an aluminum atom for a silicon atom leaves an incomplete bond. This bond 
is usually completed when a neighboring silicon atom donates an electron. The aluminum 
atom thus acquires a bound negative charge, and a hole 1 left where the electron came from 


as shown in Figure 6.4. Since the aluminum atom has created a hole that can accept 
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electrons, aluminum is known as an acceptor impurity. The aluminum impurity has caused 


the p-type silicon to have many more holes than free electrons. 
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Figure 6.4: P-Type Semiconductor 

The majority carrier in the n-type material is the electron and holes are the majority 
carrier for the p-type silicon. The n-type and p-type silicon materials have much greater 
conductivity then that of pure silicon. [6] 
C. METAL OXIDE SILICON TRANSISTORS 

Layers of p-type silicon, n-type silicon, silicon dioxide (an insulator), polysilicon 
(doped SI) and metal creates the MOS structure. A very thin smooth layered circular wafer 
- of p-type or n-type silicon forms the substrate (also known as bulk) structure. The substrate 
of a wafer and polysilicon has the same crystal structure. As a result, polysilicon can be 
grown in very thin smooth layers while still maintaining its structural integrity. Lacing 
polysilicon with metal reduces its high resistivity to create a non-uniform polysilicon. The 
non-uniform polysilicon is frequently used as a conductor and is used to construct gates and 
capacitor plates. 

An N-type Metal Oxide Silicon (NMOS) transistor is illustrated in Figure 6.5. The 


NMOS structure consists of a moderately doped p-type silicon substrate into which two 
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Ñ P-oped semiconductor substrate 
Figure 6.5: NMOS Transistor 
heavily doped n* regions, called the source and the drain, are diffused. Between these two 
regions lies a narrow region of p-type substrate, called the channel, covered by a polysilicon 
gate. A thin layer of silicon dioxide (S102) insulates the channel from the gate. If a positive 
voltage is applied between the source and the drain (V, ), with the gate bias zero, no current 
will flow (only in enhancement mode devices). But if sufficient positive voltage is applied to 


the gate with respect to the source, current will flow from drain to source as shown in Figure 


6.6. 


al 


Source 


Figure 6.6: Current Flow for an N-Channel Enhancement Mode Transistor 
A p-type Metal Oxide Silicon (PMOS) transistor is fabricated on an n-type substrate 


with p* regions for the drain and source, and hole flow for current. A PMOS transistor 


operates on the same principle as the NMOS except that the required voltages for vc, and 
Vps are negative and the threshold voltage v, is negative. The PMOS transistor is illustrated 


in Figure 6.7. A p-channel transistor will turn off when the gate is grounded, and a positive 
voltage is applied to the source. A negative gate voltage draws holes into the region below 
the gate, resulting in the channel changing from n-type to p-type. With this a conduction 
path is created between the source and drain allowing current to flow [6]. 

As the name implies, Complementary Metal Oxide Silicon (CMOS) technology 
employs MOS transistors of both polarities. Although CMOS circuits are somewhat more 
difficult to fabricate than NMOS, the availability of complementary devices makes possible 


many powerful circuit-design possibilities. A CMOS cross section is shown in Figure 6.8. 
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Figure 6.8: Cross Section of a CMOS Integrated Circuit 


D. DESIGN LIMITATIONS 
| circuit effect called latchup exists in CMOS technology. At a minimum 


this type o of effec ct would require a power down to reset the device, but the worst case would 


esult in the destruction of the chip as a result of shorting the power supply lines. In earlier 
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manufacturing of CMOS devices, latch-up was a significant problem, but today it has been 
almost eliminated by following a few basic rules that are summarized in this section. 

The reason latchup occurs may be explained by reviewing the CMOS inverter 
structure shown in Figure 6.9. The inverter is ο ο with NMOS and PMOS 
transistors and a parasitic circuit made up of a npn-transistor, a pnp-transistor, and two 
resistors. Under certain conditions, the parasitic circuit looks and responds very similar to 
that of a Silicon Controlled Rectifier (SCR). It possesses a voltage and current characteristics 
that above a “critical voltage (known as the trigger point) tbe circuit snaps and draws a large current while 
maintaining a low voltage across the terminals also know as the holding voltage" [7]. This 1s obviously a 
short circuit. These bipolar and resistor devices are the unwanted byproducts of producing 


MOSFETS [7]. 


P-substrate 





Figure 6.9: CMOS Inverter 
The key to reducing the occurrence of latchup is the additional placement of 


substrate contacts, which are contacts that connect the substrate (or bulk) to the appropriate 
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supply source Vss or Vpp. Eliminating latch-up can be accomplished by designing in 


accordance with Principles of CMOS VLSI Design [7], as described below: 


Every well (either p- or n- substrate) must have a substrate contact (a contact is a 
physical connection) of the appropriate supply source Vss or Vpp. 

Every substrate contact should be connected to metal directly to a supply pad. 
Place the substrate contacts as close as possible to the source connection of the 
transistors. This reduces the value of Rsubstrate and Rwetl (Rsubstate and Ке аге the 
byproducts of producing MOSFETS). A very conservative rule would place one 
substrate contact for every supply connection. 

A less conservative rule than the above places a substrate contact for every 5-10 
transistors or every 25-100 LL. This may be applied by grouping like transistors 
with a single contact or using the physical measurement of the chip in microns. 
Lay out n- and p-transistors with packing (tightly arranged) of n-devices toward 
Vss and packing of p-devices toward Vpp. Avoid structures that intertwine n- 


and p-devices in checkerboard styles. 


Another problem is I/O latchup. À way to combat this problem is to reduce the gain 


of the parasitic transistors. This can be achieved through the use of guard rings. A p* guard 


ring is placed around a n* source/drain, while n* guard ring is placed around a p* 


source/drain. As depicted in Figure 6.10 guard rings act as "dummy-collectors" that reduce the 


gain of the parasitic transistors. These rings acting as collectors prevent minority carriers 


from effecting their respective transistor base, but minority carriers can flow underneath the 
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Figure 6.10: a). n* Guard Ring b). p* Guard Ring 


guard rings. However through the use of double guard rings, this effect can be eliminated. 
This technique has the disadvantage of sacrificing real estate for internal structures. 

The most common place for latchup to occur is in an I/O cell that produces a large 
amount of current flow, such as an inverter with a heavy load. For this condition there are 
two ways to remove latch-up possibilities. The first approach involves a redesign to reduce 
the overall current flow and minimize parasitic effects. In the second approach, I/O latch-up 
can be eliminated or reduced if the circuit is designed in accordance with Prnaples of CMOS 


VLSI Design [T], as described below: 
e Physically separate the n- and p-driver transistors (1.e., with the bonding pad). 
e Include p* guard rings connected to Vss around n-transistors. 
e Include n* guard rings connected to Vpp around p-transistors. 


e Source diffusion regions of the n-transistors should be placed so that they lie 
along equipotential lines when current flows between Vss and the p-wells; that is, 


source fingers should be perpendicular to the dominant direction of current flow 
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rather than parallel to it. This reduces the possibility of latchup through the n- 
transistor source due to an effect called "field aiding" (the effects of parallel 
metal supply lines contributing a parasitic effect). 

e Shorting n-transistor source regions to the substrate and the p-transistor source 
regions to the n-well with metallization along their entire lengths will aid in 
preventing either of the transistor junctions from becoming forward-biased and 
hence reduces the contribution to latchup from these components. 

e The spacing between the n-well n* and the p-transistor source contact should be 
kept to a minimum. This allows minority carriers near the parasitic pnp-transistor 
emitter-base junction to be collected and reduces Rwen. The rules for the 1 u 
process (a process that the smallest transistor size can be 141) suggest one 


contact for every 104-504 (length). 


e The separation between the substrate p* and the n-transistor source contact 
should be minimized. This results in reduced minority carrier concentration near 
the npn-emitter-base junction. Similar spacing to those suggested above applies 
for processes in the 14 range. 

Following the above rules should eliminate all possible latchup effects in aCMOS design. 
E. CADENCE DESIGN TOOLS 

When creating a new design using the Cadence software, there are seven steps that 

must be completed to ensure a working circuit prior to fabrication. These seven step are 


listed below: 


e Creating a new library 


T1 


e Creating a cell category 

e Creating a new design using Composer 
e Creating a symbol with Composer 

e Simulating the design with Spectre 

e Creating the layout with Virtuoso 


e Simulating the layout with Spectre 


Tutorials and user manuals are available to supplement the details of these individual steps 


[15]. Various details on the use of Cadence in circuit design are also available in Ref. [7]. 


E VLSI LAYOUT 


The floor-plan and pad assignment for the two programmable GIC filters and two 


OP AMPS are illustrated in Figure 6.11 while the VLSI layout for the 40 pin chip is shown 


in Figure 6.12. The two programmable GIC filters that are arranged in Figure 6.12 show cell 


#1 located at the top of the pad ring and cell #2 located at the bottom. The two OP AMP 


cell is centered between the two programmable filters. The filters were broken down into 


separate sections, to help the pictorial location of the separate cells. 


The following list contains sections of the programmable GIC filter cell: 


Two Phase Clock 

Bilinear Switched Capacitor 
Quality Logic 

Frequency Logic 

Topology Logic 

Variable Bilateral #1 
Variable Bilateral #2 


Opamp #1 
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° Opamp #2 


The higher operating frequency cells and digital logic cells were located as far away from the 
analog sections as possible. This arrangement helps to reduce any possibility of latch-up. The 
final layout was submitted to MOSIS for fabrication. The layout for each cell and cell 
components are located in Appendix B. The final chapter will discuss the conclusions and 


recommendations found during this research effort. 
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GIC Filter 
Cell #1 


фу eee] ee am | on [ον | on | 
| Analog 
Dip, Vdd 1 
f Analog 
Dip; | Vss 1 
Frequency 
Logic Di 


* 





4 in Op Amp Cell #2, Out 4 
Е | = 





Е 
Analog . - 
Vss 2 Quality Frequency Topology = | Dips 
Logic Logic Logic | > | - 

Variable Bilateral #1 Variable Bilateral #2 
| Analog 
Vdd 2 


P7 
PAD : : Digital | Digital PAD 
2 IN 2 K 2 ND 2 
240 | Die | Di | bm o2 | || mo | cua | amma | AD 


Figure 6.11: Floor Plan of a Two-Stage Programmable GIC Filter with Two OP 
AMPS 
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Figure 6.12: VLSI layout of the Two-Stage Programmable GIC Filter with Two OP 
AMPS 
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VII. CONCLUSIONS AND RECOMMENDATIONS 


A. CONCLUSIONS 

The goals of this research were to design and implement a VLSI, digitally 
programmable, two-stage, Generalized Immittance Converter Filter using the Cadence 
design tool software package. This programmable filter product will be very beneficial in 
applications involving signal processing, controls and communications systems. Once 
fabricated, these semiconductor chips can be used for studying the effects of stray 
capacitance on the integrated circuit design. The testing of the filters can add to the research 
data and help further the use of bilinear-switched capacitors in integrated filter designs. 
Testing these microchips can also demonstrate bandwidth limitations of an integrated 
programmable GIC filter. 

It was mathematically shown that a circuit built with resistors could be transformed 
into a new circuit using switched capacitors. Also, through the use of digital logic, the 
programmability of the GIC filter was realized. Once the circuit was constructed on a wire- 
wrap board and tested, it re-enforced the programmability concept of the GIC filter. 
Through the use of Spice simulations, Cadence simulations and then finally a working 
programmable GIC filter on a wire-wrap board, viability of the design was proved. The final 
proof of concept can be achieved once the filter is fabricated on a microchip and tested. 

The Cadence design tool software package was found to have several advantages 
over the older software package MAGIC; however, the learning curve was steep and 
significant amount of time was required to learn to use it. Cadence is a complete design tool 
software package. It has its own simulation software integrated into the Virtuoso Layout 


Editor. Virtuoso provides for a hierarchical integrated circuit (IC) layout that can also 
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provide a verification environment that supports all IC design techniques. After laying out 
the design, Cadence can simulate the layout using the same file that was used on the 
schematic. This is done with Spectre, the circuit simulator that uses direct methods to 
simulate analog and digital circuits. The ability to simulate either schematic or layout in the 
same software package is an excellent feature. It gives the designer the ability to compare the 
layout to the schematic prior to fabrication. 
B. RECOMMENDATIONS 

The design and simulation using the Cadence software package of the stray 
insensitive GIC circuit is the initial step in the development of an analog/digital circuit on a 
microchip. Increasing the knowledge base for the Cadence software package through the use 
of dedicated classroom instruction will greatly benefit the research and development of the 
GIC filter design. Adding one or two labs (Analog/digital E using Cadence 
software) to an already long but outstanding course, EC4870, will greatly enhance a 


designer's ability to achieve fabrication success. 


APPENDIX A. PROGRAMMABLE GIC FILTER 


A. PROGRAMMABLE GIC 


1, Operational GIC 


——— ——— 
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2. Programmable Gic Circuit Board Layout 


— 
bo 


Resistor 
Isolation Bank for 


Resistor Capacitor [U20 Limiting 
Bank for Current 
the Q 


Bank 
Variable Bilinear U21 
Capacitor Bank 


GIC 
Bilinear 9 


Resistor 
Bank 


PROGRAMMABLE 


Ls ][s] 





U1, U2 - LF411ACN Operational Amplifiers U3, U11 - CD4011 Quad Two Input NAND Gate 
U4, U10, U21 - CD4049CN Hex Inverting Buffer — U12 - CD4001BEX Quad Two Input Nor Gate 
U5, U6, U7, U8, U9, U13, U14, U16, U16, U17, U18, U19, U20 - Quad Bilateral Switch 


86 








B. GIC OUTPUT GRAPHS WITH Q=5 


1. High Pass Filter 


REF 22.5 dBm MARKER 48 080.0 Hz 
S dB/DIV RANGE 30.0 dBm 15. 35 dBm 
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2. Low Pass Filter 
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3. Band Pass Filter 


REF 6.5 dBm MARKER 48 080.0 Hz 
2 dB/DIV RANGE 30.0 d8m 3. 10 dBm 
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4. Notch Filter 
REF 12.5 dBm MARKER S3 600.0 Hz 
2 dB/DIV RANGE 20.0 dBm 3.10 dBm 
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C. GIC OUTPUT GRAPHS WITH Q =0.8-5 
1. High Pass Filter 


КЕЕ IG. OSS MARKER 8 736.5 Hz 
a dB/DIV RANGE 25.0 dBm 14. 86 dBm 
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2. Low Pass Filter 
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3. Band Pass Filter 


КЕБЕ 570 dBm MARKER 8 497.8 Hz 
Ιον RANGE 20.0 dBm 2. 90 dBm 
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| (011)Q=0.8 








| | | 1 (010)Q=1 

| RL — (0909-2 E 

3 | | | (111)Q=3 ΕΞ 
(001) Q = 4 - 
(000) Q=5 






i 
| t 

START 11555 STOF Z0 000:0 Hz 
KEN. DIAZ MEW 200 HE Si 4.0 SEC 


90 


D. COMPONENT DATA SHEETS 





LF411 Low Offset, Low Drift 






General Description 

These devices are low cost, high speed, JFET input opera- 
tional amplifiers with very low input offset voltage and guar- 
anteed input offset voltage drift They require low supply 
current yet maintain a large gain bandwidth product and fast 
slew rate. In addition, well metched high voltage JFET input 
devices provide very low input bias and offset currents. The 
LF411 is pin compatible with the standard LM741 allowing 
designers to immediately upgrade the overall performance 
of existing designs. 

These amplifiers mey be used in applications such as high 
speed integrators, fast D/A converters, sample and hold 
circuits and many other circuits requiring low input offset 
voltage and drift, low input bias curent, high input imped- 
ance, high slew rate and wide bandwidth. 


Typical Connection 
Ry 





LF411XYZ 





Ф 
-Veg 
TU/H/5855-1 


Simplified Schematic 


Vect O 





INTERNALLY 
TRIMMED 











INTERNALLY 
TRIMMEO 






"cO 


BIFET IF e a radamerx of National Serreconducter Corporaiéan. 


(91995 Netionat Sernconductes Corporation TL/M/5855 


N National Semiconductor 


JFET Input Operational Amplifier 


Features 

B internally trimmed offset voltage 0.5 mV(max) 
B Input offset voltage drift 10 nV/*C(max) 
ш Low input bias current 50 pA 
8 Low input noise current 0.01 pA//Hz 
m Wide gain bandwidth 3 MHz(min) 
B High slew rate 10V/us(min) 
8 Low supply current 1.8 mA 
m High input impedance 10120 
m Low total harmonic distortion Ay= 10, <0.02% 

RL= 10k, Vo=20 Vp-p, BW=20 Hz—20 kHz 

W Low 1/f noise comor 50 Hz 
B Fast settling time to 0.01% 2 us 





Ordering Information 











February 1995 















Connection Diagrams 


Metal Can Package 














X indicates electrical grade 

Y indicates temperature range 
“M” for military BALANCE 
"C" for commercial A 

Z indicates package type INPUT 
“H” or “N” 






NON-INVERTING 
INPUT 










v 
Top View 
Note: Pin 4 connected to case 
Order Number LF411ACH 
or LF411MH/883* 
See NS Package Number HOSA 






Dual-In-Line Package 









BALANCE 






TU 5655-7 
Top View 
Order Number LF411ACN, 
LF411CN or LF411MJ/883° 
See NS Package Nurnber 
МОВЕ ог JO8A 





TL/H/5655-6 





*Avmlabie per JM38510/11904 





RRD-830M115/Prirsed m U. S. A. 
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4eyidury jeuone1edo 1nduj 134f 1440 ^01 196ΗΟ ^01 LLpJ1 






Absolute Maximum Ratings 
















If Milltary/Aerospace specifled devices are required, H Package N Package 
please contact the National Semiconductor Sales Power Dissipation 
Office/Distributors for availability and specifications. (Notes 2 and 9) 670 mw 670 mw 
{Note 8) Tjmax 150°C 115°C 
LF411A LF411 9A 162°C/W (Still Air) 120*C/W 
Supply Voltage +22V 18V 65°C/W (400 LF/min 
Differential Input Voltage 38V +30V Air Flow) 
Input Voltage Range ӨС 20°C/W 
(Note 1) z19V z15V Operating Temp. 
Output Short Circuit Range (Note 3) (Note 3) 
Duration Continuous Continuous Storage Temp. 
Range —65'CsTAS150tC  —65°С<Тд<150°С 
Lead Temp. 
(Soldering, 10 sec.) 260°C 260°C 
ESO Tolerance Rating to be determined. 






DC Electrical Characteristics mote 4) 


| — tFaMA — | — tf |] 
Conditions Units 
[omm | س‎ ea 


= O η 


AVos/AT | Average TC of Input | Rg=10 kN (Note 5) unc 
Offset Voltage 4 5) μν 


los Input Offset Current | Мс = = 15У Тү= 25°С = ый m 


(Notes 4, 6) 
















Мс = = 15У 
(Notes 4, 6) 


input Resistance T 


Large Signal Voltage | Vs=+15V Vo=x10V, 
Gain RI = 2k, Ta + 25°C 


Over Temperature 


vou ора Conroe ers) [aes |v 
otage Range st | Ins TL 


CMRR Common-Mode Rs< 10k η me 
Rejection Ratio 

PSRR Supply Voltage (Note 7) 70 
=a 7 Ratio 


is [supycure | | j ve [ze| — | 18 | 34 | m 


AC Electrical Characteristics (note 4) 


oo otma | wm | 
Parameter Conditions 
BEEN | Min | Typ | Max | Min | Typ | max 


[siewRae | vessisuraensc| 10 | i5 | — | 8 | | 
| Gan-Sandwiath Product | vs=+15V.Ta=280 | 3 | af daļas] | 


i Noise Volta ТА = 25°С, Ас = 10010, 
een а |Т Гена 


saepe Curam wel ol | [oor | | eave 





Input Bias Current 
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Note 1: Uriess otherwise specified Ihe absolute maximum negativa input voltage is equal to the negative power supply voltage. 
Note 2: For operating at eievated temperature, these devices must be derated based on & thermal resistance of 6A. 

Note 2: These dewces era avmiabie in both the commercial temperature range O'C<7T,<70°C and the military temperature range —SS°C<7,<125°C. The 
ternperature range is Gesignated by the position just before the package type in the device number. A "C" indicates the commercial temperatura range and an "M^ 
Indicates the rrektary temperature range. The muitary temperature range ia available in "H^" package only. 

Note 4: Uniess otherwise specified, the specificatons apply over the full temperature range and for Vs + 20V for the LF411A and for Vo = £ 15V for the LF411. 
Vos. (в. ала los are measured at Vc = 0. 

Nola 5: The LF411A is 100% tested to this specification The LF411 i sample tested to insure al least 90% of the units meet this specification 

Note 6: The input bias currents ara junction leakage currents which approximatety double for every 10°C increase in the junction temperature. T, Due to limited 
Production test time, the Input bias currents measured are correlated to junction temperature, in normal operation the junction temperature rises above the ambient 
temperature as @ result of intemal power dissupation, Po. T(e T4-- 64 Po where 8, is the thermal resistance from junction to ambient Use of a heat sink is 
recommended H Input bias current Is to be kept to a minimum. 

Nota 7: Supply voltage rejection ratio is measured tor both supply magnitudes increasing or decreasing simultaneously in accordance with common practice, trom 
215V to «ὄν tor the LF411 and from £20V to 25V for the LF411A. 

Note 8: RETS 411X for LF411MH and LF411MJ military specifications. 

Nota 9: Max. Power Dissipation i3 defined by the package charactenstcs. Operating the part near the Max. Power Dxssipation may cause te part to operata 


outside guaranteed imis. 



















Typical Performance Characteristics 
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Typical Performance Characteristics (continued) 


Gain Bandwidth Slew Rate 


UNITY GAIN 
BANDWIDTH (MH1) 

15334230) 35VH4 

SLEW RATE (V/)1) 


1 
-30-25 0 25 0 75 100 25 


-59-3 0 25 9 7 10 125 
TEMPERATURE (°C) 


TEMPERATURE (*C) 


Undistorted Output Open Loop Frequency 
Distortion vs Frequency Voltage Swing 


DISTORTION (%) 
OUTPUT VOLTAGE 
SWING (Yo p) 
OPEN LOOP VOLTAGE 
GAIN (68) 


0 
Y 10 100 Tk 10h 100m 1M 10m 
FREQUENCY (Nz) FREQUENCY (NZ 


Power Suppiy Equivalent Input Noise 
Rejection Ratio 
40 


EQUIVALENT INPUT NOISE 
VOLTAGE (n7 /Hi) 


COMMON. MODE 
REJECTION RATIO (48) 


0 
10 100 τε 108 1002 ΙΝ 100 19 100 к τα 100m 
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Open Loop Voltage Gain 
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OUTPUT IMPEDANCE (N) 
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Pulse Response n, -2xn. C, 10 pF 


Small Signai inverting 





OUTPUT VOLTAGE Swing 
(80 aM/ DIY) 





Large Signal Inverting 





SWAN 


OUTPUT VOLTAGE Swing 





OUTPUT VOLTADE SINO 





Application Hints 


The LF411 series of internally timmed JFET input op amps 
(BI-FET IITM) provide very low input offset voltage and guar- 
anteed input offset voltage drift These JFETs have large 
reverse breakdown voltages from gate to source and drain 
eliminating the need for clamps across the inputs. There- 
fore, large differential input voltages can easily be accom- 
modated without a large increase in input Current. The maxi- 
mum ditferential input voltage is independent of the supply 
voltages. However, neither of the input voltages should be 
allowed to exceed the negative suppty as this will cause 
large currents to flow which can result in a destroyed ипи. 









Current Limit (В, = 1000) 






Smaii Signal Non-inverting 





OUTPUT VOLTAGE Swind 
(50 a / DIV) 





Large Signal Non-inverting 


OUTPUT VOLTAGE SWING 
(vom 






Exceeding the negative common-mode limit on either input 
wil force the output to a high state, potentially causing a 
reversal of phase to the output. Exceeding the negative 
common-mode limit on both inputs will force the amplifier 
output to a high state. In neither case does a latch occur 
since raising the input back within the common-mode range 
again puts the input stage and thus the amplifier in a normal 
operating mode. 

Exceeding the postive common-mode limit on a single input 
will not change the phase of the output: however, if both 
inputs exceed the limit, the output of the amplifier may be 
forced to a high state. 


I5 














Application Hints (continued) 


The amplifier will operate with e common-mode input volt- 
age equal to the positive supply, however, the gain band- 
width and slew rate may be decreased in this conditon. 
When the negative common-mode voltage swings to within 
3V of the negative supply, an increase in input offset voltage 
mey occur. 

The LF411 is biased by e zener reference which allows nor- 
mal circuit operation on +4.5V power supplies. Supply volt- 
ages less than these mey result in lower gain bandwidth and 
slew rate. 

The LF411 will drive a 2 kN load resistance to +10V over 
the full temperature range. If the amplifier is forced to drive 
heavier loed currents, however, an increase in input offset 
voltage may occur on the negative voitage swing and finally 
reech an active current limit on both positive and negetive 
swings. 

Precautions should be taken to ensure that the power sup- 
ply for the integrated circuit never becomes reversed in po- 
larity or that the unit is not inadvertently installed backwards 
in e socket as an unlimited current surge through the result- 
ing forward diode within the IC could cause fusing of the 
internal conductors and result in e destroyed unit 


Typical Applications 


As with most amplifiers, care should be taken with lead 
dress, component plecement and supply decoupling in or- 
der to ensure stability. For example, resistors from the out- 
put to an input should be placed with the body close to the 
input to minimize “pick-up” and maximize the frequency of 
the feedback pole by minimizing the capacitance from the 
input to ground. 

A feedbeck pole is created when the feedback around any 
amplifier is resistive. The parallel resistance and capac- 
tance from the input of the device (usually the inverting in- 
put) to AC ground set the frequency of the pole. In many 
instances the frequency of this pole is much greater than 
the expected 3 dB frequency of the closed loop gain and 
consequently there is negligible effect on stability margin. 
However, if the feedback pole is less than approximetely 6 
times the expected 3 dB frequency, e lead capacitor should 
be placed from the output to the input of the op amp. The 
value of the added capacitor should be such thet the RC 
time constant of this capacitor and the resistance it parallels 
is greater than or equal to the original feedback pole time 
constant 


High Speed Current Booster 


PNP = 2N2905 
NPN = 2N2219 unless noted 
TO-5 heat sunks for 06-07 


1k 
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Typical Applications (Continues) 
10-Bit Linear DAC with No Vos Adjust 
53 


2128 
А1 А2 АЈ А А5 AG A7 AB. A9 A18 
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(SINS LE POINT C30) — —10V < Vref < 10V 
1023 


1024 
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Аце0 И the Ay digital input ta low 
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Single Supply Analog Switch with Buffered Output 


Detailed Schematic 


Ver O 


VU T: 


d 
51 r 
at ei: 





97 





Physical Dimensions inches (millimeters) 






















9.330 = 0.370 
(8.890 — 9.398) 
DIA 0.315—0.335 
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Metal Can Package (H) 
Order Number LF411MH/883 or LF411ACH 
NS Package Number H08A 
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20.025 TYP ο 


a a η 


МАХ 




























0.045 

















959 5 50 Түр ti 0.510 

“4—02 — - 
0.004, 0.018 20.003 TYP 
0.012 






0.100 £ 0.010 TYP 







Ceramic Dual-In-Line Package (J) 
Order Number LF411MJ/883 
NS Package Number JO8A 
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Ρ hysical Dimensions inches (millimeters) (Continued) 


0.373 — 8.408 
(9.474 — 10.18) 











0.012 + 0.005 
(0.8132 6.127) 
RAD 










0.018 20.063 
(0.467 20.076) 
0.1002 0.818 
(2340 +0. 254) 
















(1.19 20.381) 0.008 


(1.324) 









0.0680, 
(1.270) 

Molded Dual-In-Line Package (N) 
Order Number LF411ACN or LF411CN 
NS Package Number NOSE 








LF411 Low Offset, Low Drift JFET Input Operational Amplifier 






UFE SUPPORT POLICY 


NATIONAL'S PRODUCTS ARE NOT AUTHORIZED FOR USE AS CRITICAL COMPONENTS IN LIFE SUPPORT 
DEVICES OR SYSTEMS WITHOUT THE EXPRESS WRITTEN APPROVAL OF THE PRESIDENT OF NATIONAL 
SEMICONDUCTOR CORPORATION. As used herein: 







1. Life support devices or systems are devices or 2. A critical component is any component of a life 
systems which, (a) are intended for surgical implant support device or system whose failure to perform can 
into the body, or (b) support or sustain life, and whose be reasonably expected to cause the failure of the life 
failure to perform, when property used in accordance support device or system, or to affect its safety or 

with instructons for use provided in the labeling, can effectiveness. 

be reasonably expected to result in a significant injury 

to the user. 














National Semiconductor Netionsl Semiconductor Nationsi Semiconductor National Semiconductor 
Corporstion Europe Hong Kong Lid. Japan Lid. 
1111 west Bardin Road Fax: (+49) 0-180-S30 65 86 13th Floor, Straghi Block, Tet 81-043-299-2309 
TX 76017 Emad: crewpe @ levm2.nec.com Ocean Centre, 5 Canton Rd Ρας 81-043-299-2408 

Tet 1(800) 272-9959 Omnsch Tel: (+49) 0180-530 85 85 Temeneted, Kowloon 
Fax 1(800) 737-7016 Engh Tel: (+49) 0-180-532 78 32 Hong Kong 

Frangms Tet (449) 0-180-532 93 58 Tet: (852) 2737-1600 

Hahano Tal: (+49) 0-1980-534 18 90 Fax: (852) 2736-9960 






Makna GO си ames any reaponedsity tos use @ ary Orcutry Óeacrbed, no Orcut oijent kcanees, are ch arid aborda reserves Pe ooh 8! ary aee etiho s nobce ip change ud orcary and apectcabore. 
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N Nationa! Semiconductor 





CD4001BM/CD4001BC Quad 2-Input 
NOR Buffered B Series Gate 

CD4011BM/CD4011BC Quad 2-Input 
NAND Buffered B Series Gate 


General Description Features 

These quad gates are monolithic complementary MOS & Low power TTL Fan out of 2 driving 74L 
(CMOS) integrated circuits constructed with N- and P-chan- compatibility or 1 driving 74LS 
nel enhancement mode transistors. They have equal source — & 5V-10V— 15V parametric ratings 

and sink current capabilites and contorm to standard B se- — a Symmetrical output charactenstics 

ries output drive. The devices also have buffered outputs — m Maximum input leakage 1 pA at 15V over full tempera- 
which improve transfer charactenstics by providing very ture range 

high gain. 

All inputs are protected against static discharge with diodes 

to Voo and Vss. 












Schematic Diagrams 





Yoo CD40018C/BM 





91€5 senos d PLNA ANVN Indu¡-Z peng OGL ObGD/WALLOPGD 
9189 59µ95 8 Ρ919Η/Π8Β ΗΟΝ INdul-z peno 98LO00PdO/WSHILOOPGO 






Yoo 
Va of device shown 
1(5, 8,12 = ae: а 
Logcal "0" « Low 
Vss 
TU/F/5939-2 
"АЗ гриз protected by standard 
CMOS protecton arcut 
2 (6,9,10 vss 
TL/F/5939-1 
Yoo 
CD40118C/BM 
Von 
'/, of device shown 
J-A*B 
Logcal ^t" = High 
Logan "0" « Low 
Vs 
TUF/5939—6 





216,9, 12 






TUF/5939 -5 


RRD-B30ut05/Prraed in U. S. A, 


(01995 Natonal Sereconducsor Corporaian — TU/F/5839 
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Absolute Maximum Ratings (Notes1and2) Operating Conditions 
if Military/Aerospace specified devices are required, Operating Range (Von) 3 Vpc to 15 Voc 












please contact the National Semiconductor Sales Operating Temperature Range 
Office/Distributors for avallability and specifications. CD40018M, CD40118M —55*C to --125*C 
Voltage at any Pin —0.5V to Voo +0.5V CD4001BC, CD40118C —40*C to --85*C 
Power Dissipation (Pp) 

Dual-In-Line 700 mw 

Small Outline 500 mw 
Voo Range -0.5Vocto +18 Voc 
Storage Temperature (Ts) -65ς to + 150°C 
Lead Temperature (Τι) 







(Soldering, 10 seconds) 260°C 


DC Electrical Characteristics cos0018M, CD40118M (Note 2) 


—— Y 


0.004 | 0.25 
0.005 | 0.50 
0.006 1.0 



















Мор == 10У, Мум = Мрр ог М5 
Vpp 7 15V, Viu 7 Vpp or Vss 















Voo = 5V 0.05 
Мор = 10У > liol <1 pA B = 0.05 
Vpp = 15V 0.05 0.05 

















Voo = 5V 

Vpp = 10V > Jiol< 1uA 
Vop = 15V 

Vpp = 5V, Vo = 4.5V 
Vop = 10V, Vo = 9.0V 
Ypo = 15V, Vo = 13.5V 
Моо = 5V. Vo = 0.5V 
Vop = 10V, Vo = 1.0V 
Vop = 15V, Vo = 1.5V 
Мор 7 5V, Vo 2 0.4V 
Vop = 10V, Vo = 0.5V 
Vop = 15V, Vo = 1.5V 
Vpp 7 5V, Vo = 4.6V 
Current Voo = 10V, Vo = 9.5V 
(Note 3) VoD = 15V, Vo = 13.5V 


Input Current Vpp = 15V, Viu = OV 
Мор = 15V, Vin = 15V 


Connection Diagrams 


CD4001BC/CD4001BM CD4011BC/CD4011BM 
Dual-in-Line Package Dual-In-Line Package 


High Level 
Output Voltage 












Low Level 
Input Voltage 

































High Level 
Input Voltage 











Low Level Output 
Current 
{Note 3) 


High Level Output 


















TUF/S939—4 
Top View 


TUF/5929-3 Order Number CD4001B or CD4011B 







Top View 
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DC Electrical Characteristics cD40018C, CD40118C meom 2. 


eee paje Ls 


Quiescent Device | Voo = SV, Vin = Мор or Ves 
Мор = 10У, Мм 7 Vop or Vss 
Мор = 15V, Vin = Vop or Vss 


Low Level Voo = 5V 0.05 
Output Voltage Voo = 10V > |lol <1 pA 0.05 
Vop = 15V 


High Level Vop = SV 
Output Voltage Мор = wv} [οἱ « 1 µΑ 
Voo = 15V 
| Low Level Voo = 5V, Vo = 4.5V 
Input Voltage Мор = 10V, Vo = 9.0V 
| Vop 7 15V, Vo = 13.5V 


High Level Vop = 5V, Vo = 0.5V 
Input Voltage Voo = 10V, Vo = 1.0V 
Мор = 15V, Vo = 1.5V 


Low Level Output | Vop = 5V. Vo = 0.4V 
Current Voo = 10У, Мо = 0.5V 
(Note 3) Voo = 15V, Vo = 1.5V 


High Level Output | Voo = 5V, Vo = 4.6V 
Curent Мор = 10V. Vo = 9.5V 
(Note 3) Voo = 15V, Vo = 13.5V 


Input Current Voo = 15V, Vin = OV 
Voo = 15V. Vin = 15V 


AC ΕΙ Characteristics* cosoo1BcC, CDs0018M 
ТА = 25*C, Input t; ty = 20 ns, Cy = SO pF, AL = 200k. Typical temperature coefficient is 0.3%/°C. 


Symbol A cta AE w | x= | Units 


tPHL Propagation Delay Time, 
High-to-Low Level 


23319 «419«««*«l«««itEEt 


їр н Propagation Delay Time, 
Low-to-High Level 


tTHL. tTLH Transıdon Time 


m ne sn 
Coo роми Озара Сано | муз | u | | 


*AC Parameters are guaranteed by DC correlated testing. 

Note 1: "Absolute Mmparnum Flatings^ are those vajues beyond which the safety of the dewce cannot be guaranteed. Except for “Operating Temperature Range” 
they are not meant to imply thet the dewoes should be operated at these imits. The table of “Electrical Charactansiics” prowdes conditions for actual device 
operador. 

Note 2 Al voltages measured with respect t0 Vcc uniess ofterwise specrfied 

Note 3: lo, and io are tested one CUAR al a ome. 
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AC Electrical Characteristics* coso118c, cos0118m 
Ta = 25°C. input t; t = 20 ns. C = 50 pF, Ry = 200k. Typical Temperature Coefficient is 0.3%/°C. 


Symbol — | Parameter | Conditions | Тур | маа | Units 


















PHL Propagation Delay, 250 ns 
High-to-Low Level ¢ 100 ns 

70 ns 

tPLH Propagaton Delay, 85 250 ns 
Low-to-High Level 40 100 ns 

30 70 ns 

тні, тн = 200 ns 
100 ns 

40 80 ns 





Cın Average Input Capacitance Any Input ШО 75 | рЕ 
m Power Disipation Capacity |  AwGae | 1 | | pr 





*AC Parameters are guaranteed vy DC correlated testing. 


Typical Performance Characteristics 








Typical Typical Typicai 
Transfer Characteristics Transfer Characteristics Transfer Characteristics 
20 









Vg * OUTPUT VOLTAGE (V) 





Yo = OUTPUT VOLTAGE (V) 


Vg = OUTPUT VOLTAGE (¥) 














Vj = INPUT VOLTAGE (Y) Vj = INPUT VOLTAGE (V) Vj = INPUT VOLTAGE (V) 
ONE INPUT ONLY BOTH INPUTS ONE INPUT ONLY 
TUF/5939-7 TL/F/5999-8 TUF/5939-9 
Typical 
Transfer Characteristics 









Yo ~ OUTPUT VOLTAGE (V) 
DELAY TIME (а) 





HL. LH = TYPICAL PAOPAGATIOM 
OELAY TIME {m} 
PHL: LH =- TYPICAL PROPAGATION 









Vpop = SUPPLY VOLTAGE (Y) = SUPPLY VOLTAGE 
V, = INPUT VOLTAGE (Y) " “oo x 


BOTH INPUTS Т\/Е/5939=11 TUF/5939- 12 
TUF/S939-10 FIGURE 5 FIGURE 6 
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Typical Performance Characteristics (continued 


tma- TYPICAL HIGH = TO = LOW LEVEL 
PROPAGATION DELAY TWE (ns) 
Yun“ TIPCAL LOW = T0 = HIGH LEYE 
РРОРАСАТЮН ООА ТШЕ (пз) 
lpr" TYPICAL HIGH - 10-10" LEVEL 
PROPAGATION DOLAY TIME (ns) 


C,” LOAD CAPACITANCE (pF) C= LOAD CAPACITANCE (pF) 
TUF/5839- 14 TU/F/5839—-15 
FIGURE 8 


boy" PUPICAL LOW - 10 > HIGH LEVEL 


PROPAGATION DELAY TUE (na) 
Alpo- PER PF OF LOAO CAPACTANCE (na/pf) 
the ins” TIPICAL TRANSTION TIME (ns) 


0 
0 2 4 6 8 10 12 14 16 18 20 


TUF/5939-17 FIGURE 12 
FIGURE 11 


Q7 LOAD CAPACITANCE (pF) 
TUF/S909-18 


lo = TYPICAL SINK CURRENT (mA) 
log > TYPICAL SOURCE CURRENT (mA) 


ο σι επ νο ю 18161412108 64 2 0 
Your (V) ec” Your (¥) 


FIGURE 13 FIGURE 14 
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CD4001BM/CD4001BC Quad 2-Input NOR Buffered B Series Gate 
CD4011BM/CD4011BC Quad 2-Input NAND Buffered B Series Gate 


Ceramic Dual-In-Line Package (J) 
Order Number CD4001BMJ, CD4001BCJ, CD40011BMJ or CD4011BCJ 
NS Package Number J14A 


Molded Dual-In-Line Package (N) 
Order Number CD4001BMN, CD4001BCN, CD4011BMN or CD4011BCN 
NS Package Number N14A 


LIFE SUPPORT POLICY 


NATIONAL’S PRODUCTS ARE NOT AUTHORIZED FOR USE AS CRITICAL COMPONENTS IN UFE SUPPORT 
DEVICES OR SYSTEMS WITHOUT THE EXPRESS WRITTEN APPROVAL OF THE PRESIDENT OF NATIONAL 


SEMICONDUCTOR CORPORATION. As used herein: 


1. Life support devices or systems are devices or 2. A critical component is any component of a life 


systems which, (a) are intended for surgical implant 
into the body, or (b) support or sustain life, and whose 
failure to perform, when property used in accordance 
with instructions for use provided in the labeling, can 
be reasonably expected to result in a significant injury 
to the user. 


National Semiconductor National Semiconductor 
Corporstion wope 
1111 West Bardin Road Fax (+49) 0180-530 85 86 


TX 76017 Emad: creya € urvm2 nec.com 

Тө; 1(800) 272-9959 Deutsch Tel: (+49) 0-180-530 85 85 
Fax 1(800) 737-7018 Engish Το (449) 0-180-532 78 32 
Frances Tet (+49) 0-180-532 93 58 

Rakano Tel: (+49) 0-180-534 18 80 


support device or system whose fajlure to perform can 
be reasonably expected to cause the failure of the life 
support device or system, or to affect its safety or 
effectiveness. 


Hong Kong 
Tel: (852) 2737-1600 
Fax (052) 2738-9960 





Мавсгии does rol mena ауу resporatabty lor моа dl ay Crowiry dancribert no Ort.e pun toes are emoled and Nebonal eserves the oght al ay бию чайка NORD © Change tad crowtry and specricasons, 
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General Description 

These hex buffers are monolithic complementary MOS 
(CMOS) integrated circuits constructed with N- and P-chan- 
nel enhancement mode transistors. These devices feature 
logic level conversion using only one supply voltage (Vpp). 
The input signal high level (Viu) can exceed {ће Уор supply 
voltage when these devices are used for logic level conver- 
sions. These devices are intended for use as hex buffers, 
CMOS to DTL/TTL converters, or as CMOS current drivers, 
and at Vpp = 5.0V, they can drive directly two DTL/TTL 
loads over the full operating temperature range. 


Connection Diagrams 


CD4049UBM/CD4049UBC 
Dual-In-Line Package 






A nek в 








TUF/5971-1 
Top View 


Order Number CD4049UB or CD4049B 


(1995 Naiona Seraconductor Corporation TUF/5971 


AY national Semiconductor 


CD4049UBM/CD4049UBC Hex Inverting Buffer 
CD4050BM/CD4050BC Hex Non-Inverting Buffer 
















March 1988 
Features 
= Wide supply voltage range 3.0V to 15V 
m Direct drive to 2 TTL loads at 5.0V over full tempera- 
ture range 






W High source and sink current capability 
m Special input protection permits input voltages greater 
than Voo 







Applications 

g CMOS hex inverter/butter 

gw CMOS to DTL/TTL hex converter 
gm CMOS current "sink" or "source" driver 
8 CMOS high-to-low logic level converter 











CD4050BM/CD4050BC 
Duak-In-Line Package 


19jjng BunjeAu| XeH 98n6t0t09/Wan6trop do 





19jjng bun1eAuj-uoN ΧΘΗ 3980S06 02/W80S0t dO 






TUF/5971-2 





Top View 
Order Number CD4050UB or CD4050B 





RAD-93044108/Prraad n U.S A 
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Absolute Maximum Ratings (Notes 1 & 2) 
If Milltary/Aerospace specifled devices are required, 
please contact the National Semiconductor Sales 
Otflce/Distributors for availability and specifications. 











Supply Voltage (Voo) —0.5V to + 18V 
Input Voltage (Vin) —0.5V to 4- 18V 
Voltage at Any Output Pin (Vout) —0.5V to Vpp + 0.5V 
Storage Temperature Range (Ts) —65°C to + 150°C 

Power Dissipation (Po) 
Dua)-In-Line 700 mW 
Small Outline 500 mW 

Lead Temperature (TJ 
260°C 





(Soldering, 10 seconds) 








Conditions 


loo Quiescent Device Current 








Vite = Voo. Vic = OV, 
liol < 1 pA 
Voo = 5V 

Voo = 10V 
Voo = 15V 


Low Level Output Voltage 






γοι 






































































ΥΟΗ High Level Output Voltage | Vin = Voo. Vii = OV, 
liol < 1 pA 
Уор = 5У 
Уор = 10V 
Уор = 15V 
VL Low Level Input Voltage [οἰ «1 μα 
(CO40508M Only) Уор = SV. Vo = 0.5V 
Voo = 10V, Vo = 1V 
Voo = 15V, Vo = 1.5V 
Vit Low Level Input Voltage [οἱ ς 1 μα 
(CD4049UBM Only) Vop = 5V. Vo = 4.5V 
Vop = 10V, Vo = 9V 
Мор = 15V, Vo = 13.5V 
Vin High Level Input Voltage | [lo] <1 pA 
{CD40508M Only) Уор = 5V, Vo = 4.5V 
Уор = 10У, Мо = 9V 
Уор = 15У, Мо = 13.5V 
Мн High Level Input Voltage | flo] < 1 pA 
(CD4049UBM Onty) Voo = 5V. Vo = 0.5V 
Voo = 10V, Vo = 1V 
Уор = 15V, Vo = 1.5V 
lot Low Level Output Current | Мін = Voo. Yu = OV 





Voo = 5V, Vo = 0.4V 
Vop = 10V, Vo = 0.5V 
Мор = 15У, Мо = 1.5V 


(Note 3) 















орегабог\. 
Note È Vss = OV unless otherwise specified. 






value for extended penods of time. lc. and toy, are tested ons output at a tme. 





DC Electrical Characteristics cp4049m/co40508M (Note 2) 


Ei [ue E [oe Te m ne] 

































Recommended Operating 
Conditions (Note 2) 


Supply Voltage (Von) 3V to 15V 
Input Voltage (Vin) OV to 15V 
Voltage at Any Output Pin (Vour) 0 to Vpo 


Operating Temperature Range (T4) 
CD4049UBM, CD4050BM 
CD4049UBC, CD40508C 


—55°C to + 125°C 
—40°C to +85°C 






1.0 0.01 | 1.0 pA 
20 0.01 | 20 d pA 
0.03 | 4.0 120 | pA 
















4.95 ۷ 
9.95 ۷ 
14.95 ; ۷ 
225 ۷ 

45 У 

6.75 ۷ 

1.0 1.5 1.0 1.0 ۷ 

` 20 25 20 20 ۷ 

3.0 3.5 3.0 3.0 ۷ 

3.5 3.5 275 3.5 У 
7.0 7.0 5.5 7.0 У 
11.0 11.0 | 8.25 11.0 ۷ 
4.0 4.0 3.5 4.0 ۷ 
8.0 8.0 7.5 8.0 ۷ 
120 120 | 11.5 120 ۷ 


Note 1: “Absolute Maomum Ratings” are those values beyond which the safety of the device cannot be guaranteed, they are not meant to unply that the dences 
should be operated at these limta. The table of “Recommended Operasng Conditions” and “Electica) Charactertstics” prowdes conditions for actual dewce 


Note 3: These are peak output current capabilities. Conbtnuous output current :s rated at 12 mA meamum. The output current should not be allowed to exceed tis 
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DC Electrical Characteristics C040434/CD40508M (Note 2) (Continued) 










High Levei Output Current 
(Note 3) 


Мн = Vop. Vit = OV 
Voo = SV, Vo = 4.6V 
Vop = 10V, Vo = 9.5V 
Мор = 15V, Vo = 13.5V 


Input Current Мор = 15У, Vin = ον 
Уор = 15У, Vin = 15V pA 


Note 1: "Absolute Mucomum Ratings" are those values beyond which the safety of the device cannot be quarantsect they are not meant to imply that the devices 
should be operated at these imts. The table of "Recommended Operating Conditions" and "Electrical Charsctensücs” prondes conditions for actual device 
operation. 

Note 2 Vss = 0V unless otherwise specified. 

Note 3: These are peak output current capabilities. Continuous output current ts rated at 12 mA maximum, The output curent should not be allowed to exceed this 
value for extended periods of time. lo, and io, are tested one output at a time. 































DC Electrical Characteristics cosossuac/cpsosoac > 2) 


e Pa ершш [шс 


Quiescent Device Curent 0.03 pA 
: 0.05 2 i pA 


0.07 | 16.0 


4.95 4.95 
9.95 9.95 
14.95 14.95 













Мн = Мор, Ми. == OV. 
liol < 1 pA 
Voo = 5V 

Voo = 10V 
νρο = 15V 


Vin = Vpp, Vi, 7 OV, 
llo] € 1 pA 


Low Level Output Voltage 














VOH High Level Output Voltage 



































































































































Vop = 5V ν 
Voo = 10V ν 
Voo = 15V V 
νι Low Level Input Voltage οἱ «1 µΑ 
(CD4050BC Only) Мор = SV, Vo = 0.5V 225 ν 
Voo = 10V, Vo = 1V 4.5 ν 
Voo = 15V, Vo = 1.5V 6.75 ۷ 
Vin Low Level Input Voltage lig] < 1 pA 
(CD4049UBC Only) Уор = 5V, Vo = 4.5V 1.0 1.5 | 1ο 10 | V 
Voo = 10V, Vo = 9V 20 25 | 20 20] у 
Voo = 15V, Vo = 13.5V Е 3.5 | 3.0 3.0 ۷ 
Vin High Level input Voltage | |io| < 1 pA 
(CD4050BC Only) Vpo = 5V, Vo = 4.5V 35 |275 v 
Мор = 10V, Vo = 9V 7.0 5.5 ν 
Voo = 15V, Vo = 13.5V 1 11.0 | 8.25 11.0 ν 
Vin High Level Input Voltage liol < 1 pA 
(CD404SUBC Only) Vpp = SV, Vo = 0.5V 4.0 4.0 3.5 4.0 ν 
Voo = 10V, Vo = 1V 8.0 80 | 75 8.0 ν 
Vop = 15V, Vo = 1.5V | 120 120 | 11.5 12.0 ν 









Note 1: “Absolute Meacrum Ratings” ere those values beyond wtuch the safety of the dewce cannot be guaranteed. Hey are not meant to imply that the dences 
should be operated at these lmets. The table of Recommended Operating Conditions” and “Electrical Characteristics” prowdes conditions for actual device 
operation. 

Note 2 Ves = OV uniess othenmse specified. 

Note 3: These are peak output current capabilites. Continuous output current is rated at 12 mA mavomum, The output current shouid not be allowed to exosed this 
value tor extended penods of me. lc and lop are tested one output af a tne. 
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DC Electrical Characteristics co«o4suBC/CD4050BC (Note 2) (Continued) 














Vin = VoD Viy = OV 
Мор = 5V, Vo = 0.4V 
Vpp = 10V, Vo = 0.5V 
Vpp = 15V, Vo = 1.5V 
Vis 7 Vpp, VIL = OV 
Vpop = 5V. Vo = 4.6V 
Vpp = 10У, Мо = 9.5V 
Vpp = 15У, Мо = 13.5% 


Input Current Мор = 15У, Мм = ОУ 
Vpp = 15У, Мм = 15V 


AC Electrical Characteristics” CD4049UBM/CD4049UBC 
Τα 5 250, C = SOpF, RA, = 200k, & = 4 = 20 ns, unless otherwise specified 


Low Level Output Current 
(Note 3) 


















High Level Output Current 
(Note 3) 





























Propagation Delay Time 
High-to-Low Level 











Propagation Delay Time 
Low-to-High Level 











Transition Time 
High-to-Low Level 













Transition Time 
Low-to-High Level 





Урр = 10У 
Урр = 15У 







“Ας Parameters are guaranteed ty DC correiated testing. 













AC Electrical Characteristics* cosososm/cosososc 
Ta = 25°C, C, 7 S0 pF, R, = 200k, tf = y = 20 ns, unless otherwise specified 





Propagation Delay Time 
High-to-Low Level 





Propagation Delay Time 
Low-to-High Level 







Transition Time 
High-to-Low Level 












Transition Time 
Low-to-High Level 


HA a 


"AC Parameters are guaranteed vy DC corrsiated testing. 
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Schematic Diagrams 


CD4049UBM/CD4049UBC CD4050BM/CD4050BC 
10f 6 Identical Units 1 of 6 identical Units 


Yoo νου 


c [C Te 
Ч 










8V « 30V £V « Ὃν 





TUF/5971-3 TUF/5971-4 





Switching Time Waveforms 





TuUF/5971-5 






Typical Applications 






CMOS to TTL or CMOS at a Lower Vpp 





TL/F/5971-6 





Notes: Voor  ἵρο 
Note In the case oí the CO4049UBM/CD4049UBC 
the output drive capability increases with ncreasung 
input voltage. £.g.. If Vpo1 * 10V the CD4049UBM/ 
CD4049UBC could drive 4 TTL loads. 
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ing Buffer 
-Inverting Buffer 


CD4049UBM/CD4049UBC Hex Invert 


CD4050BM/CD4050BC Hex Non 









Physical Dimensions inches (millimeters) 


A jua ΚΠ 
4 a 
ο 


0.220-0.310 
13.39-7.97) 


— 





















з \ 
.005-0.020 
* 1215-051] ''* 
> typ 
| 0.280-0.320 
el m 17.37-83.13] 
[1.40 20.13 GLASS SC t 






0.020-0.080 
[6.51-1.52| TP 
fi 








18 
57 МАХ 

















81 
8359 15* 1 
TYP E | 
0.310-0.410 
0.018 2 0.003 гур [7.87-10.41} 


(0.46 x 0.08) 











0.125-0 200 

(3.18-5.08) 1" 2 | 
0.080 
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Ceramic Dual-in-Line Package (J) 
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NS Package Number J16A 
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Molded Dual-In-Line Package (N) 
Order Number CD4050BMN, CD4050BCN, CD4050BMN or CD4050BCN 
NS Package Number N16E 








LIFE SUPPORT POLICY 


NATIONAL'S PRODUCTS ARE NOT AUTHORIZED FOR USE AS CRITICAL COMPONENTS IN LIFE SUPPORT 
DEVICES OR SYSTEMS WITHOUT THE EXPRESS WRITTEN APPROVAL OF THE PRESIDENT OF NATIONAL 
SEMICONDUCTOR CORPORATION. As used herein: 














i. Life support devices or systems are devices or 2. A critica! component is any component of a life 
systems which, (a) are intended for surgical implant support device or system whose failure to perform can 
into the body. or (b) support or sustain life, and whose be reasonably expected to cause the failure of the life 
failure to perform, when property used in accordance support device or system, or to affect its safety or 
with instructions for use provided in the labeling, can etfectiveness. 

be reasonably expected to result in a significant injury 

to the user. 
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CD4066BM/CD4066BC Quad Bilateral Switch 


General Description 
The CD40668M/CD40668C is a quad bilateral switch in- @ Extremely low “OFF” 0.1 nA (typ.) 
tended for the transmission or multiplexing of analog or digi- switch leakage @ Vop~Vss = 10V, Ta = 25°C 
tal signals. It is pin-for-pin compatible wth CD4016BM/ Extremely high control input impedance 10120 typ.) 
CD40168C, but has a much lower "ON" resistance, and — a Low crosstalk — 50 dB (typ.) 
“ON” resistance is relatively constant over the input-signaj AE 8 (0-09 ΜΗΣ, Βι-1 κω 
[eme 8 Frequency response, switch "ON" 40 MHz (typ.) 


FORM M ise avg ss, Applications 
ο К е 0.45 Уро (ур) 8 μα΄ e switching/multiplexing 
m Wide range of digital and 17.5 VPEAK * Squelch control 

























analog switching e° Chopper 
gm "ON" resistance for 15V operation 80% ^  . Modulator/Demodulator 
= Matched “ON” resistance ARoN = 50 (typ.) * Commutating switch 
over 15V signal input AM AS ° 
et “ ; > Е Digital Signal switching/multplexn 
8 "ON" resistance flat over peak-to-peak signa) range 8 CMOS logic implementation з 
8 High "ON"/"OFF* 65 98 (ур) „ Analog-to-digital/digital-to-analog conversion 
output voltage ratio @ fa=10 kHz, RL=IOKN κα Digital control of frequency, impedance, phase, and an- 
8 High degree linearity 0.1% distortion (typ.) alog-signal-gain 
High degree linearity @ fi =1 kHz. Vis = SVp-, 







High degree linearity Мор – Уѕ$ = 10У. А; = 10 КО 





Schematic and Connection Diagrams 







Order Number CD4066B 


Dual-in-Line Package 





Т.Е /5445 RRO-B30u105/Prrsed n U. S. A. 


(01995 Matonal Semiconductor Corporation 


Tu 


ΗΟΗΛΑΣ ΙΕ19)5//8 PEND 08990rqO/NW8990rq5 





Absolute Maximum Ratings (notes 14 2) Recommended Operating 


If Military/Aerospace specified devices are required, Conditions (Note 2) 

please contact the National Semiconductor Sales 

Office/Distributors for avaliability and specifications, Supply Voltage (Уос) 3V to 15V 
input Voltage (Vin) OV to Voo 











Supply Voltage (Voo) —0.5V to +18V š 
Operating Tem ture Ran 

Input Voltage (Vin) —0.SV to Vop +0.5V со v" Pos -55°C to + 125°C 
Storage Temperature Range (Ts) —65°C to + 150°C CO40668C —40°C to + 85°C 
Power Dissipation (Po) 

Dual-In-Line 700 mw 

Small Outline 500 mw 
Lead Temperature (Ti) 

(Soldering, 10 seconds) 300°C 






DC Electrical Characteristics co«40668M (Note 2) 


БЕТ: Гай Шу fier 


0.01 7.5 
0.01 Pe 15 
0.01 1.0 30 














Quiescent Device Current 


SIGNAL INPUTS AND OUTPUTS 








Vpp- Vss 





"ON" Resistance AL = 10 kN to 
Vc=Voo. Vis = Vss to Voo 
Voo=5V 

Voo=10V 
Voo=15V 
















































γρο-ν 
ΔΒΟΝ A"ON" Resistance AL=10kN т 55 
Between any 2 of Vo=Voo. Vis = Vss to VoD 





Voo = 10V 
Voo=15V 
Ve=0 
Vis 7 15V and OV, 
Vos 70V and 15V 





4 Switches 

























Input or Output Leakage 
Switch "OFF" 















CONTROL INPUTS 
Low Levet Input Voltage 





Vis = Vss and Vpop 
Vos=Voo and Vss 
lis 7 £10 pA 
Voo 7 5V 
Vpo 7 10V 
Voo 2 15V 

















High Level Input Voltage | Vop=5V 
Voo= 10V (see note 6) 
Voo=15V 
Voo- Vss 7 15V 
Voo2 Vis2 Vss 
Voo2 Vc2 Vss 















DC Electrical Characteristics cososs8c (note 2) 


ο ασε. +e | πο | 
| Min | Max | Min | Typ | Max | Min | Max | 
Quiescent Device Current 


1.0 0.01 1.0 7.5 
20 0.01 2.0 15 
4.0 0.01 4.0 30 









ΤΙ 





DC Electrical Characteristics (Continued) CD40668C (Note 2) 








Conditions 











Уро У 
Ry = 10 kM to 29 — SS 
Vc 7 Vpp. Vss to Voo 
Vop=5V 
Vop= 10V 





"ON" Resistance 























νρος 15ν 
| Vop — Vss 
A"ON" Resistance Βι 5-10 kh to ———ə >= 
Between Any 2 of Vcc= Vop, Vis = Vss to Vop 


Моо = 10У 
Vpp = 15У 


4 Switches 










Vos=Voo and Vss 
lis * 2 10pA 

Vpop *5V 
Vop = 10V 
Vop = 15V 














High Level Input Voitage | Vop = 5V 
Vop = 10V (See note 6) 
Vop=15V 
Vop-Vss=15V 
Vpp2 Vis2 Vss 

Vop2 Vc? Vss 














Input Current 








Vc Vpp. CL 7 50 pF, (Figure 1) 
Я; = 200k " 
Vpp 75V 

Voo = 10V 

Vop = 15V 
Ri = 1.0 kf1, C, 2 50 pF, (Figures 2 and 3) 
Vop = 5V 

Vpp = 10V 
Vpp = 15V 


Ry, = 1.0 kN, Cy =50 pF, (Figures 2 and 3) 


рн, {РЕН Propagation Delay Time Signal 
Input to Signal Output 




























Propagabon Delay Time 
Control Input to Signal 

Output High Impedance to 
Logical Level 


Propagation Delay Time 














Control Input to Signal Vop 75V 
Output Logica! Level to Моо = 10V 
High Impedance Уор = 15У 





Усе Мор = 5У, Vss = —5V 

RL = 10 kD, Vis =5Vpp f= 1 kHz, 
(Figure 4) 

Ус=\/рр = 5V, Vss= —5V. 

RL =1 KN, Vis = SV p-p 

20 10910 Vos/Vos (1 kHz)—d8, 
(Figure 4) 


Sine Wave Distortion 
















Frequency Response-Switch 
"ON" (Frequency at —3 dB) 
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AC Electrical Characteristics* (Continued) Ta = 25°C, t= t= 20 ns and Vsg = OV unless otherwise noted 









Voo = 5.0V, Voc = Vss = —5.0V, 
Ry = 1 kf), Vis = 5.0Vp p, 20 Logyo, 
Vos/Vis 7 —50 dB, (Figure 4) 

Voo= Vera) = 5.0V; Vss= Мов) = 5.0%, 
R41 kf), Муд) = 5.0 Vp. e, 20 одо. 
Vos(B)/Vis(A) * —50 dB (Figure 5) 
Уро = 10V. Re = 10 kN, Rin, =1.0 kN, 
Vcc = 10V Square Wave, C; = 50 pF 
(Figure 6) 

Ry = 1.0 kN, Cy = 50 pF, (Figure 7) 
Мор = Y2 Vos(1.0 kHz) 

Vop = 5.0V 

Voo = 10V 8.0 
Voo = 15V 8.5 


Sora OO | O 
"signal Output Capacitance | vozi L eo] | 
TFeeawoughCapectance | Ме” _ — — | — | 9s | —] 
[GowempaCamcune — | —  — | [so] rs 


*AC Parameters are guaranteed by OC correlated testing. 
Note 1: "Absolute Mapamum Ratings" are Those values beyond which the safety ot the device cannot be guaranteed. They are not meant to amply that the devices 
should be operated at these limts. The tables of "Recommended Operating Conditions” and “Electrical Characteristics” provide conditions for actual dewca 
operation. 

Note 2 Vcc @0V unless otherwise speated. 

Note 3: These devices should not be connected to circuits wth the power “ON”, 

Note 4: in all cases, there i$ approximately 5 pF of probe and jig capactance m the output; however. tis capacitance is inciuded in C. wherever it i$ specified. 
Note 5: Vis c the voltage at the in/out pin and Vos з е voRage at the out/in pin. Vc is the voltage af the control input 

Note 6: Conditions tor Vic: a) Vis = Voo. los standard B senes (pq — b) Vise OV, (oy e standard B sanes (οι. 


Feedthrough — Switch "OFF" 
(Frequency at —50 dB) 


















Crosstalk Between Any Two 
Switches (Frequency at —50 dB) 











Crosstalk; Control Input to 
Signal Output 












Maximum Control Input 




















6.0 
































AC Test Circuits and Switching Time Waveforms 






τς ves 





FIGURE 1. toy, tpLy Propagation Delay Time Signal Input to Signa! Output 
PZH 









FIGURE 2. tpzj4 tpuz Propagation Delay Time Control to Signal Output 
21 PLZ 















ves 
ov 


u 





= = TUF/5885-2 
FIGURE 3. tpz;, tp, z Propagtion Delay Time Control to Signal Output 





DI 


AC Test Circuits and Switching Time Waveforms (continues 


$v 
Vc 
15. 
CONTROL «ορ 
10F4 
OUT STONES 
γα „зе 


outan e 


эл 
Vc op for distortion and frequency response tests 
Ve” Ves for feedthrough test 


FIGURE 4. Sine Wave Distortion, Frequency Response and Feedthrough 


-ν - 


FIGURE 7. Maximum Control Input Frequency 
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Typical Performance Characteristics 


“ON” Resistance vs Signal 
Voltage for Tg = 25°C 


CHANNEL “O° ASSISTANCE (Aggy) (12) 


-ᾱἲ 4 4-2 8 2 4 8 
$16NAL VOLTAGE (Vg) (9 


“ON” Resistance as a Function 
of Temperature for 
Vpp - Vss » 10V 


CHANNEL "ON AESISTANCS (Agy) (1) 


2 € 
ICHAL VOLTAGE (Vig) (V) 


Special Considerations 

In applications where separate power sources are used to 
drive Vpp and the signal input, the Мор current capability 
should exceed Vpp/R, (R, = effective extemal load of the 4 
CD4066BM/CD4066BC bilateral switches). This provision 
avoids any permanent current flow or clemp action of the 
Vpp supply when power is applied or removed from 
CD4066BM/CD4066BC. 

In certain applications, the external load-resistor current 
may include both Vppg and signal-line components. To avoid 


“ON” Resistance as a Function 
of Temperature for 


CHANNEL “ON” AGUITANCE (Ayu) (0) 


SIEHAL VOLTAGE (vr) ΠΝ 


“ON” Reslatance as a Function 
of Temperature for 


MOL 
ТОАТ 
TO PL taze 
ΠΠ 

ΠΠΠΠΓ 

ШИШИШИ ШЙ 
ШШ ШШШ ШШ 


0 
3 4 + -7 0 2 4 4 0 
SUPPLY VOLTAGE (ус) ГУ) 


CHANNEL “ON” ASSISTANCE (Agy) (11) 


drawing Vpp current when switch current flows into termi- 
nals 1, 4, 8 or 11, the voltage drop across the bidirectional 
switch must not exceed 0.6V at Tas25°C, or 0.4V at 
Ta> 25°C (calculated from Ron values shown). 

No Vpp current will flow through R,_ if the switch current 
flows into terminals 2, 3, 9 or 10. 





Py 


Physical Dimensions inches :mittimeters) 


1224—0310 
($.588—7.874) 


GLASS 0060:0005 
ALANT (1344127) 


0.310-0410 


0.818 0 001 
— --------. 0.129-0.208 
(7374-1041) < А {0.457 ur 0.176-5.998) 
MAX BOTH ENDS 


0,100 1.010 


—— 0.158 
(2.540 10.254) 


om) 
MIN 
Cerdip (J) ` 
Order Number CD4066BMJ or CD4066BCJ 
NS Package Number J14A 


955-09 Уу 
(0 MN - 2.730 | 
14 13 32 3 9 9 o 
ion, à Ql 
0 7700 744 
ΠΙΕΙ م‎ 


I 
t 
LEAD ub y» 


оп L—y y 


9179-2137 


D.s ыу 
0” MAL TYP 
иі ил 
| | 94:9 --8 HR 
IT] [24m -12709 


а ил тег 


5.0. Раскаде (М) 
Order Number CD4066BCM 
NS Package Number M14A 
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CD4066BM/CD4066BC Quad Bilateral Switch 






Physical Dimensions inches (milimeters) (Continued) 





/ 
wir e 


ur 
am 


taprare πο 
тала 











1 
8 απ 18 18 n 
130-8 بم‎ 









Dual-In-Line Package (N) 
Order Number CD4066BMN or CD4066BCN 
NS Package Number N14A 








LIFE SUPPORT POLICY 


NATIONAL'S PRODUCTS ARE NOT AUTHORIZED FOR USE AS CRITICAL COMPONENTS iN LIFE SUPPORT 
DEVICES OR SYSTEMS WITHOUT THE EXPRESS WRITTEN APPROVAL OF THE PRESIDENT OF NATIONAL 
SEMICONDUCTOR CORPORATION. As used herein: 









1. Life support devices or systems are devices of 2 A crtical component is any component of a life 
systems which, (a) are intended for surgical implant support device or system whose failure to perform can 
into the body, or (b) support or sustain life, and whose be reasonably expected to cause the failure of the life 
failure to perform, when property used in accordance support device or system, or to affect its safety or 
with instructions for use provided in the labeling, can effectiveness. 

be reasonably expected to result in a significant injury 

to the user. 
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Corporation Europe Hong Kong Ltd. Japan Ltd. 
1111 West Barán Road Fax (+49) 0-160-530 85 86 13th Floor, Stragnt Block, Tet 81-043-299-2309 
TX 78017 Emad: crperge @ levm2Znec.com Ocaan Centre, 5 Canton Rd. Fex 81-043-299-2408 
Tet: 1(800) 272-9959 Deutsch Tet (+49) 0-160-530 85 85 Tamshatsui, Kowoon 
Εως 1(800) 737-7018 Engiah  Tet: (+49) 0-180-532 78 32 Hong Kong 
Francse Tet (449) 0-160-532 93 58 Tel: (852) 2737-1600 
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APPENDIX B. PROGRAMMABL 
A. TWO PHASE CLOCK 


1. Two Phase Clock Layout 
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2. Two Phase Clock Inverter One Layout 
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3. Two Phase Clock Inverter Two Layout 
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4. Two Phase Clock Inverter Three Layout 
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5. Two Phase Clock Nor Gate Layout 
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B. BILATERAL RESISTOR 


1. Bilateral Resistor Layout 
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2. Pass Gate Laout 
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3. Bilateral Cap Layout 
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C. VARIABLE BILATERAL ONE 


1. Variable Bilateral One Layout 
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2. Variable Bilateral Two Layout 
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D. OPERATIONAL AMPLIFIER 


1. Operational Amplifier Layout 
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2. 6.89pf Capacitor Layout 
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E. FILTER LOGIC 


1. Filter Logic Layout 
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2. Logic Inverter Layout 
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3. Logic NAND Gate Layout 
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4. Logic NOR Gate Layout 
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F. FREQUENCY LOGIC LAYOUT 
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G. QUALITY FACTOR LOGIC LAYOUT 
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H. PROGRAMMABLE GIC LAYOUT 





L| з асі 
d a 


"m 
" TIT BEI ill j = 
м 


L= 
ОРУ | 





= 
DIN n, 








= 
. ^ 
PII 
[1 ТЕ ” тш 
Ts « NE 
4 ΣΩ 
al 
1 M е 
шш, 
CN E Бы 


[7 = 
3. 
t- i 
i ὦ 
, | Hz 


N I1 E atea 









X= — 
EIE U al 
De. 


-— == 
μμ — πι πμ 
з 
πα. LEE mom wa 
-— lm mn =< 


239.411 
» 
ον 


3 [ Kur ΙΙ = 
J а E T # € Е 1 εἶν J 
rt [Ἔτη 5 

Bir 



















SA A 


Ре 
all 
] 
ATI 


iM 
ο 









[aM NN IT 


j= 


. .. .. oc "шз 
(EE E] . του. - = ΓΙ; 
ШАТ TIT TIL TIT Т ТЕТ ЕТЕ ΤΗ mi 
ag 
E 





ΩΙ ] 


М БЕ 
ar а - = = 


[EC DAT te 
Ἵ 


















El 























= + 
mew - ὦ 
sm 






Hee : M 





Ги: 








*® 
“mm = = Q= < = = s< m = 


139 








I. PROJECT LAYOUT 
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